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Chapter 1
GENERAL INTRODUCTION
In a world that offers an increasing amount of information, it is crucial to be able to select the 
information that is relevant and discarding that which is irrelevant. Limitations of the human cog-
nitive system restrict conscious awareness to only a small portion of information, the external 
or internal things that hold our attention. At the same time, to achieve our long-term goals, we 
are challenged to withhold acting on impulses and distractors in our surroundings. Observations 
of insufficient control over attention and action date back to the 18th century. And still (maybe 
more than ever) reports of experiencing a mismatch between the ability to regulate attention 
and impulses, and demands made by the individual and the surroundings, are common. When 
this problem is not just temporarily but persistent over time and leads to impaired functioning 
and lower quality of life, it may be linked to a psychiatric or neurodevelopmental condition, and 
most likely classified as attention deficit hyperactivity disorder, or ADHD. 
13
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1.1 ATTENTION DEFICIT 
HYPERACTIVITY DISORDER
The term ADHD refers to a classification of behavior based on history taking and clinical obser-
vation. To classify ADHD the Diagnostic and Statistical Manual-5 (DSM-5; (American Psychiatric 
Association, 2013); previously DSM-4 ((American Psychiatric Association, 2000)) is used, for the 
complete list of criteria see Box 1.1. The DSM-5 defines two core symptom domains: 1) problems 
in regulating attention (inattentiveness), and 2) problems in regulating motor action and activity 
(impulsivity and hyperactivity). Typically, ADHD symptoms start early and are noticed at the age 
when children first go to school, before the age of seven. ADHD was therefore thought to be 
a childhood disorder in recent history. However, it has become clear that in a large number of 
cases symptoms persist in adulthood, and there is evidence that ADHD symptoms and related 
impairments can become apparent after the age of 7 and even in adulthood (referred to as 
late-onset ADHD; (Faraone et al., 2006a, Faraone et al., 2006b, Karam et al., 2009)). Overall, 
the estimated prevalence of ADHD in children and adolescents is about 5% and 3-4% in adults 
((American Psychiatric Association, 2000, Fayyad et al., 2007, Polanczyk et al., 2007, Simon et 
al., 2009). 
1.1.1 Pathophysiology
The underlying pathophysiology of ADHD is far from crystalized, and involves multiple modal-
ities. On a biological level, ADHD is shown to be highly heritable (Franke et al., 2012), and 
associated with several genetic variations mostly affecting dopaminergic, noradrenergic and 
serotonergic pathways (Poelmans et al., 2011). Furthermore, it is associated with several struc-
tural abnormalities of the brain including smaller total brain volume (Castellanos et al., 2002) and 
cerebellar volume (Stoodley and Schmahmann, 2009), thinner prefrontal cortex (PFC) (Shaw et 
al., 2013), smaller basal ganglia volume (Ellison-Wright et al., 2008, Frodl and Skokauskas, 2012, 
Hoogman et al., 2017, Nakao et al., 2011) and altered structural connectivity in the brain (van 
Ewijk et al., 2012). On a functional level, using functional magnetic imaging (fMRI) techniques, 
ADHD has been related to reduced activity of mainly the PFC and basal ganglia (Cortese et 
al., 2012, Fassbender and Schweitzer, 2006, Plichta and Scheres, 2014, Posner et al., 2014). 
On a neurocognitive level ADHD is associated with impaired executive functioning, like defi-
cits in working memory, inhibitory control and planning (Sergeant, 2005, Willcutt et al., 2005), 
but also with reward dysregulation (Luman et al., 2010, Sonuga-Barke and Fairchild, 2012). 
Environmental risk factors include (pre- an perinatal) exposure to toxins (Banerjee et al., 2007, 
Scassellati et al., 2012), parenting style (Harold et al., 2013) and maternal availability (Stevens 
et al., 2008). Integrating such wide range of affected domains, and explaining ADHD’s hetero-
genic phenotype and extensive psychiatric comorbidity, necessitates a multifactorial model of 
ADHD’s pathophysiology. 
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Box 1.1 DSM-5 criteria for ADHD
Six or more symptoms of inattention, and six or more symptoms of hyperactivity for children up 
to age 16, or five or more for adolescents 17 and older and adults; symptoms have been present 
for at least 6 months, and they are inappropriate for the developmental level:
Inattention:
1. Often fails to give close attention to details or makes careless mistakes in schoolwork, at 
work, or with other activities.
2. Often has trouble holding attention on tasks or play activities.
3. Often does not seem to listen when spoken to directly.
4. Often does not follow through on instructions and fails to finish schoolwork, chores, or 
duties in the workplace (e.g., loses focus, side-tracked).
5. Often has trouble organizing tasks and activities.
6. Often avoids, dislikes, or is reluctant to do tasks that require mental effort over a long 
period of time (such as schoolwork or homework).
7. Often loses things necessary for tasks and activities (e.g. school materials, pencils, books, 
tools, wallets, keys, paperwork, eyeglasses, mobile telephones).
8. Is often easily distracted.
9. Is often forgetful in daily activities.
Hyperactivity and Impulsivity: 
1. Often fidgets with or taps hands or feet, or squirms in seat. 
2. Often leaves seat in situations when remaining seated is expected.
3. Often runs about or climbs in situations where it is not appropriate (adolescents or adults 
may be limited to feeling restless).
4. Often unable to play or take part in leisure activities quietly.
5. Is often “on the go” acting as if “driven by a motor”.
6. Often talks excessively.
7. Often blurts out an answer before a question has been completed.
8. Often has trouble waiting his/her turn.
9. Often interrupts or intrudes on others (e.g., butts into conversations or games)
In addition, the following conditions must be met:
•	 Several inattentive or hyperactive-impulsive symptoms were present before age 12 years.
•	 Several symptoms are present in two or more setting, (such as at home, school or work; 
with friends or relatives; in other activities).
•	 There is clear evidence that the symptoms interfere with, or reduce the quality of, social, 
school, or work functioning.
•	 The symptoms are not better explained by another mental disorder (such as a mood dis-
order, anxiety disorder, dissociative disorder, or a personality disorder). The symptoms 
do not happen only during the course of schizophrenia or another psychotic disorder.
15
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In such a model, neurobiological and environmental risk factors are thought to each have a small 
individual effect and act together to increase susceptibility (for reviews see (Faraone et al., 2015, 
Faraone and Biederman, 1998, Makris et al., 2009, Sonuga-Barke, 2005)). Figure 1.1 provides 
an illustration of the different modalities and how they could interact (for clarity environmental 
factors are not included). Brain function plays a pivotal role in models concerning ADHD. It links 
neurobiological levels with neurocognitive and behavioral levels, and is the target of therapeu-
tic interventions. Although crucial for understanding the brain’s (dys)functionality in ADHD, 
broader theories on contributing electrophysiological mechanisms on the level of neural activity 
are lacking. The main objective of this thesis is to fill this gap, exploring a putative role for brain 
rhythms, particularly the alpha rhythm. Improving pathophysiologic models will hopefully lead to 
further hypothesis driven research, and eventually improved diagnostics and more importantly 
ameliorated therapeutic interventions.
Molecular level
Structural level
Functional level
Neurocognitive level
Behavioral level
Genetic variation
Atypical brain structure
Atypical brain function
Neurocognitive deficits
ADHD phenotype Comorbid disorders
Figure 1.1 Multifactorial model of ADHD’s pathophysiology. Arrows indicate direction of influence. 
The level of brain function plays a pivotal role, linking neurobiology with cognition and behavior.
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1.2 THE ALPHA RHYTHM 
Groups of neurons are shown to produce synchronized rhythmic (electric) activity, also referred 
to as oscillations. Using the electro-encephalogram (EEG), rhythmical activity of groups of 
neurons in the brain cortex was first demonstrated by Hans Berger in 1929. Nowadays, brain 
oscillations are also measured using magneto-encephalography (MEG; see Box 1.2). The stron-
gest component of activity that Hans Berger measured consisted of rhythmic activity in an 8 
to 12 Hz frequency band, and was called the alpha rhythm. He observed that the alpha rhythm 
was strongest when participants were in a relaxed state with eyes closed, reducing in ampli-
tude when eyes were opened. Over the last decades, additional neuronal oscillations in other 
frequency bands have been identified, e.g. delta (1-4 Hz), theta (4-8 Hz), beta (13-30 Hz) and 
gamma (30-70 Hz), and have been ascribed various functional properties (for an excellent read 
see (Buzsaki, 2006)). Although alpha was initially thought to reflect ‘idling’ activity of inactive 
neurons (Pfurtscheller et al., 1996), this view has changed dramatically. 
Box 1.2 MEG
Magnetoencephalography or MEG is a functional neuro-
imaging technique used for mapping brain activity. It does 
so by recording magnetic fields that occur when neurons 
are electrically active. When thousands of aligned neurons 
(mostly in cortical columns) fire in synchrony, a magnetic field 
is produced that is strong enough to be measured by the MEG 
sensors outside the head. The brain’s magnetic field is 10.000 
times smaller than the ambient magnetic noise from the envi-
ronment. Signal-to-noise ratios are typically increased by 
averaging MEG data of repeated trials with constant condi-
tions. Rhythmic activity (oscillations) is usually characterized 
by performing time-frequency analysis on the MEG data, 
determining the frequency and power of the signals. Making 
use of a greater number of sensors, MEG has greater spatial 
resolution than electroencephalography (EEG). This allows 
for better localization of sources of electrical activity. The 
figure shows a subject positioned in MEG scanner. 
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The production and modulation of alpha oscillations has been shown to be a broad neurological 
phenomenon, seen in both sensory modalities (visual, auditory and somatosensory e.g. (Foxe 
et al., 1998, Haegens et al., 2011a, van Dijk et al., 2010)) and the motor system (Pfurtscheller 
and Neuper, 1994). And importantly, alpha activity has been shown to relate to neurocognitive 
functionalities like working memory, selective attention and distractor suppression, and motor 
action (for references see below). The fact that alpha activity is consistently seen to increase in 
task-irrelevant brain areas (for references see below), and shown to decrease neural excitabil-
ity (Haegens et al., 2011b, Scheeringa et al., 2011), has led to the theory that alpha oscillations 
reflect active functional inhibition of brain areas. 
In recent years, a broader theory on alpha’s functional role has put forward, giving alpha a central 
role in cognitive control over input and output of the brain (Sadaghiani and Kleinschmidt, 2016). 
By functional inhibition alpha oscillations are hypothesized to gate flows of information through 
the brain by shaping functionality of and functional connectivity between brain networks (see 
Figure 1.2; for a review see e.g. (Foxe and Snyder, 2011, Hanslmayr et al., 2011, Jensen and 
Mazaheri, 2010, Klimesch et al., 2007)). The modulation and orchestration of alpha activity in 
its turn, is thought to be top-down controlled by a network of cortical and subcortical struc-
tures. Up to date, evidence points to involvement of the prefrontal cortex (PFC), specifically 
the frontal eye fields (FEF) (Marshall et al., 2015b, Popov et al., 2017), the intraparietal sulcus 
(IPS) (Capotosto et al., 2012), the thalamus (Hughes and Crunelli, 2005, Saalmann et al., 2012) 
and structural connectivity of the superior longitudinal fasciculus (Marshall et al., 2015a). Being 
involved in selection and differentiation between relevant and irrelevant sensory input from the 
environment, theoretically, the basal ganglia could also play part, in close collaboration with the 
PFC (Baier et al., 2010, Frank, 2011, van Schouwenburg et al., 2010). 
1.2.1 Alpha and working memory
Studies on the role of alpha in working memory (WM) were the first to give rise to ascribe an 
active functional role to alpha oscillations. Alpha modulation has been shown to relate to work-
ing memory demands and memory performance (Klimesch, 1999). Interestingly, alpha power 
systematically increases with memory load during memory maintenance (Jensen et al., 2002, 
Tuladhar et al., 2007). Successful working memory maintenance depends not only on the mainte-
nance of the task-relevant representations, but also on the protection of those representations 
in the face of intervening distractors. The more task relevant representations have to be main-
tained in memory the stronger this protection has to become. This protection is hypothesized to 
be reflected by an increase in alpha power, inhibiting processing of task irrelevant and possibly 
intervening information. Chapter 2 elaborates on the topic. 
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1.2.2 Alpha and selective attention
Just as in working memory, the allocation of attention involves both focusing on the relevant 
information for the task at hand, and at the same time suppressing competing and possibly 
distracting information (Posner and Petersen, 1990). A substantial body of literature on visual 
selective attention has demonstrated that occipital alpha activity lateralizes with direction of 
spatial attention (Foxe et al., 1998, Rihs et al., 2007, Worden et al., 2000). A decrease in alpha 
power is seen in the hemisphere that codes for the attended visual hemifield (Sauseng et al., 
2006, Thut et al., 2006), while an relative increase of alpha can be seen in the hemisphere that 
codes for the ignored visual hemifield (Rihs et al., 2007, 2009). Experimental paradigms that are 
used often include distractors (Fu et al., 2001, Kelly et al., 2006, Worden et al., 2000). Further-
more, the lateralization strength has been shown to influence behavioral performance (Handel 
et al., 2011, Thut et al., 2006).
Figure 1.2 Schematic representation of brain-networks. The dots depict functional units. The black 
dots represent functionally inhibited areas, while the white dots are active and form a connected func-
tional network. The architecture of the functional network is transient and dynamic, adapting to the needs 
of the individual and the environment.
19
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1.2.3 Alpha and motor control
Like in attention, the planning and execution of motor actions is characterized by selection 
(Brunia, 1999). In order to achieve behavioral goals relevant motor regions are selected and 
recruited, while others are selectively suppressed. Crucial for maintaining the selected motor 
program is functional inhibition of task irrelevant areas to guard it from disruption. Although the 
sensorimotor domain is most commonly associated with beta band oscillations (e.g. (Salmelin 
and Hari, 1994)), as in sensory brain networks, alpha band oscillations are also observed in sen-
sorimotor networks. Only, here they are called mu rhythm. Modulation of mu over sensorimotor 
cortex is observed when a motor act is prepared, observed, imagined or executed (Babiloni et 
al., 2004, Muthukumaraswamy et al., 2004, Pfurtscheller et al., 2006, Pfurtscheller and Neuper, 
1994, Salmelin and Hari, 1994, Stancak and Pfurtscheller, 1996). A decrease in mu is observed in 
sensorimotor areas responding to body parts that are involved in performing the motor action, 
while at the same time an increase of mu is seen in sensorimotor areas responding to body parts 
that are not engaged. With this, it is thought that modulation of sensorimotor mu has a simi-
lar function as modulation of alpha in sensory cortex, to functionally inhibit the cortical area 
(Neuper et al., 2006, Salmelin and Hari, 1994).
20
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1.3 ATTENTION DEFICIT HYPERACTIVITY 
DISORDER AND THE ALPHA RHYTHM
ADHD has been related to atypical oscillatory activity, mainly in the theta and beta band (Barry 
et al., 2003, Chabot and Serfontein, 1996), and alterations in alpha activity have also been 
described (Barry et al., 2003, Dockstader et al., 2009, Gomarus et al., 2009, Mazaheri et al., 
2010). Studies have mainly focused on measurements in resting state, and not while performing 
disorder relevant tasks (but (Gomarus et al., 2009, Mazaheri et al., 2010)). Furthermore, these 
experiments lack underlying pathophysiological hypotheses on how aberrations in oscillatory 
activity contribute to the ADHD phenotype. The alpha inhibition theory does provide us with a 
possible functional mechanism underlying ADHD symptomatology: problems in modulating and 
orchestrating alpha band oscillations, leading to insufficient inhibition of task irrelevant func-
tional units of the brain. If the modulation of alpha band activity should fail, control over which 
sensory stimuli to process and which not would be lost, resulting in attention problems. Addi-
tionally, failing inhibition of task irrelevant motor areas would give rise to problems in regulating 
motor activity, leading to hyperactivity and impulsivity. In this thesis we set out to explore this 
hypothesis, focusing on the attention domain in chapter 3, and the motor domain in chapter 4.
1.3.1 Top-down control over alpha 
As the modulation of alpha oscillations is thought to be top-down controlled, we further ask the 
question which brain structures could contribute to possible impairments in the orchestration 
of alpha. As said, large number of studies suggest that ADHD is associated with structural and 
functional abnormalities in the PFC and the basal ganglia (Chambers et al., 2009, Clark et al., 
2007, Cubillo et al., 2010, Majid et al., 2013, Rubia et al., 1999, Rubia et al., 2001, Teicher et al., 
2000). Especially morphological abnormalities of the basal ganglia are associated with ADHD, 
with consistent reports of reduced basal ganglia volume (for reviews see (Ellison-Wright et al., 
2008, Frodl and Skokauskas, 2012, Hoogman et al., 2017, Nakao et al., 2011)). Chapter 5 of 
this thesis elaborates on a putative link between basal ganglia volume and the control over the 
modulation and orchestration of cortical alpha oscillation, in both ADHD patients and healthy 
individuals.
1.3.2 The role of neurotransmitter systems: Dopamine
Communication within and between the PFC and the basal ganglia is critically supported by 
the neurotransmitter dopamine, and crucially involved in cognitive control over attention and 
behavior (for an extensive review see (Nieoullon, 2002)). It is argued that dopamine availabil-
ity in the PFC and basal ganglia can bias cortical processing, thereby enhancing processing of 
task-relevant information and inhibiting the processing of task-irrelevant information (Baier et 
al., 2010, Frank, 2011, van Schouwenburg et al., 2010). Interestingly, the dopaminergic system 
is highlighted as being central in the pathophysiology of ADHD (for a review see (Del Campo et 
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al., 2011)). In line with this, methylphenidate (MPH), a dopamine (and noradrenaline) transporter 
blocker, is the most commonly used pharmacological treatment of ADHD. Not only is MPH 
shown to reduce problems in controlling attention and motor action in patients with ADHD 
(Faraone and Buitelaar, 2010, Wilens, 2008), but there is also evidence that MPH improves cog-
nitive processes like attention (Agay et al., 2014, del Campo et al., 2013, Faraone and Buitelaar, 
2010, Koelega, 1993) and working memory (Clatworthy et al., 2009, Elliott et al., 1997, Mehta 
et al., 2000) in healthy individuals as well. Up to date, it is unknown how MPH affects alpha band 
oscillations, neither in healthy individuals nor in patients with ADHD. As a first step to better 
understanding effects of MPH on attention and in the future alpha modulation, we explore how 
MPH alters selective attention in healthy individuals in chapter 6. 
22
Chapter 1
1.4 SUMMERY AND AIMS 
Attention deficit hyperactivity disorder is behaviorally classified by having problems regulating 
attention (inattentiveness) and problems regulating motor actions (impulsivity and hyperac-
tivity. The underlying pathophysiology of ADHD is far from crystalized, and involves multiple 
interacting modalities. Although brain function plays a pivotal role in models concerning ADHD, 
broader theories on contributing electrophysiological mechanisms are lacking. The alpha inhi-
bition theory states that top-down controlled alpha band oscillatory neuronal activity plays a 
crucial role in inhibiting activity of task irrelevant nodes in functional neuronal networks. It is 
suggested that if the orchestration of alpha would be insufficient, activity in task irrelevant areas 
could become bothersome to the architecture of the functional network. This could result in 
attentional problems and problems in executing motor plans, fitting the behavioral phenotype 
of ADHD. Therefore, the main goal of the current thesis was to characterize the role of alpha 
band oscillations in the pathophysiology of ADHD.
As a first step towards this goal, we aimed to investigate the putative inhibitory role of alpha 
modulation in typically developed individuals without ADHD (chapter 2). Consequently, we 
aimed to characterize modulation of alpha in individuals with ADHD; Chapter 3 focusses on the 
attention domain, where we compare healthy individuals with ADHD patients in occipital alpha 
modulation when performing a visual attention task. Chapter 4 focusses on the motor domain, 
exploring the role of alpha (mu) modulation in sensorimotor cortex when preparing for a motor 
action, also comparing ADHD patients with healthy controls. To further explore brain structures 
involved in the top-down control of alpha, we aimed to investigate a putative link between basal 
ganglia volume and the modulation of alpha in healthy controls and ADHD patients (chapter 5). 
Finally, we aimed to explore the influence of a dopaminergic agent, methylphenidate, on selective 
attention in healthy individuals (chapter 6).
23
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ABSTRACT
The role of oscillatory alpha activity (8-13 Hz) in cognitive processing remains an open ques-
tion. It has been debated whether alpha activity plays a direct role in the neuronal processing 
required for a given task or whether it reflects idling and/or functional inhibition. Recent electro-
encephalography (EEG) studies have demonstrated that alpha activity increases parametrically 
with load during retention in working memory paradigms. While it is known that the parie-
to-occipital cortex is involved in the generation of the spontaneous alpha oscillations, it remains 
unknown where the sources of the memory-dependent alpha activity are located. We recorded 
brain activity using magnetoencephalography (MEG) from human subjects performing a Stern-
berg memory task where faces were used as stimuli. Spectral analysis revealed a parametric 
increase in alpha activity with memory load over posterior brain areas. We then applied a source 
reconstruction technique that allowed us to map the parametric increase in alpha activity to the 
anatomical magnetic resonance (MR) images of the subject. The primary sources of the mem-
ory-dependent alpha activity were in the vicinity of the parieto-occipital sulcus. This region is 
not directly involved in working memory maintenance of faces. Our findings are consistent with 
the notion that alpha activity reflects disengagement or inhibition of the visual dorsal stream. 
We propose that the disengagement reflected in alpha power serves to suppress visual input in 
order to devote resources to structures responsible for working memory maintenance.
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2.1 INTRODUCTION
In the late 1920s the first electroencephalographic scalp recordings in humans were performed 
by Hans Berger (Berger, 1929). The dominating feature in the EEG was oscillatory activity in 
the alpha band (8–13 Hz). Even though alpha band activity has been the subject of multiple EEG 
and MEG studies, its actual role in cognitive processing remains unclear. It has been proposed 
that oscillatory alpha activity reflects a state in which the brain is not involved in idle but ready 
to be engaged (Adrian and Matthews, 1934, Pfurtscheller et al., 1996). However, the notion 
of idling has recently been challenged by working memory studies. Alpha activity was found 
to be enhanced with working memory demands (Klimesch et al., 1999, Jensen et al., 2002). In 
particular, Jensen et al. (2002) showed that alpha activity increased systematically with memory 
load in a modified version of the Sternberg task. This increase was sustained during most of the 
3 s retention interval. 
The working memory load dependent alpha activity is open to several interpretations. One inter-
pretation is that alpha activity reflects disengagement or inhibition of posterior brain areas 
(Ray and Cole, 1985, Vanni et al., 1997, Klimesch et al., 2000, Jensen et al., 2002, Cooper et al., 
2003). As the demands to the working memory system increase, areas not necessary for the 
task are disengaged. The function of this disengagement could be to reduce interfering sensory 
inputs to areas involved in working memory maintenance. The higher the working memory load, 
the stronger the need for disengagement, and thus the stronger the alpha rhythm. A second 
interpretation is that alpha activity reflects activity from brain regions performing the neuronal 
processing required for working memory maintenance. The more items in working memory, the 
stronger the alpha power becomes. Indeed, it has been suggested that rhythmic alpha activity 
could reflect neuronal processing required for attention and memory operations (Sewards and 
Sewards, 1999, Maltseva et al., 2000, Kolev et al., 2001). Specifically, Sauseng et al. (2002) have 
proposed that synchronization in the upper alpha band reflects information transfer between 
working and long-term memory areas. It has also been suggested that long-range coherence 
in the alpha band reflects perceptual and cross-modal binding (Mima et al., 2001, Hummel and 
Gerloff, 2005). 
The aim of our study was to identify the sources accounting for the increase in alpha activity 
with working memory load using MEG. We hypothesized that if the neuronal sources of the 
memory dependent alpha activity are found in areas known to be required for working memory, 
this would speak in favor of an active role of alpha activity in memory processing. However, if 
the sources are found in other areas not directly associated with working memory maintenance, 
this would speak in favor of the alpha inhibition hypothesis. 
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2.2 METHODS AND MATERIALS 
Subjects
Five right-handed male subjects, age 23-26 years participated in the experiment. All subjects 
had corrected to normal vision and reported to have no neurological impairments. After an 
explanation of the paradigm, informed consent was obtained from the subjects. The studies 
were approved by the local ethics committee.
Experimental procedure 
A modified Sternberg task using pictures of faces as mnemonic items was applied (Figure 2.1). 
Each trial started with the word 'blink', encouraging the subjects to make eye blinks in order 
to reduce artifacts later in the trial. After 2.5 s, memory lists of 1 to 4 faces were sequentially 
presented. Each face was presented for 0.3 s with 1.25 s intervals between the items. Following 
a 2.7 s delay period, a probe face was presented for 0.3 s. Subjects were instructed to indicate 
whether the probe matched an item in the memory list ("positive probes") or did not ("negative 
probes"). The responses were given by pressing one of two buttons, one by the right and the 
other by the left index finger. Feedback on correct and incorrect responses was presented at 
the end of each trial. After two seconds the next trial started. In the control condition three 
crosses were shown instead of the faces. After these three crosses, following a 2.7 s delay period, 
another cross was presented as a probe and the subjects were instructed to press the right 
button. The experiment consisted of 6 blocks of 60 trials presented randomly. The face database 
was provided by the Max-Planck Institute for Biological Cybernetics in Tübingen, Germany. 
Subjects were trained on the task for 15 to 30 minutes prior to the recordings.
Blink
2.5 s 0.3 s 1.25 s 3 s (retention)
Feedback
Response
Figure 2.1 The Sternberg task using faces as stimuli. Each trial started with a blink period lasting 2.5 
sec. In this period subjects were encouraged to make eye blinks. A list of 1 to 4 faces was then presented 
sequentially at a rate of 1.25 s per item. After a delay period of 2.7 sec, a probe was shown. Subjects had 
to respond to whether the probe face was in the list or not. Feedback was given after every response.
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MEG acquisition 
Brain activity was recorded using a whole-head MEG system (CTF/VSM MedTech, Vancouver, 
Canada) with 151 first-order axial gradiometer sensors. The vertical electro-oculogram (EOG) 
was simultaneously recorded. The MEG signals were low-pass filtered at 200 Hz and sampled 
at 600 Hz. To measure the position of the head with respect to the sensor array, three coils were 
placed at anatomical landmarks (left, right ear canal and the bridge of the nose). The positions 
of the coils were determined from the magnetic signals produced by the coils when currents 
were passed through them before and after the experiment. Magnetic resonance images (MRIs) 
were obtained using at 1.5 T Siemens Sonata scanner and aligned to the MEG-data according 
to the coils and anatomical landmarks. Visual stimuli were presented to the subjects using a 
LCD-projector and non-magnetic buttons were used for behavioral responses.
Data analysis 
Incorrect trials and trials contaminated by artifacts caused by eye movements, SQUID artifacts, 
and muscle activity were excluded from the analysis. The sensor level analysis was performed 
on data that was numerically transformed to a representation of the planar field gradient 
(Bastiaansen and Knosche, 2000). The horizontal and vertical components of the planar field 
gradient were estimated at each sensor location using the signals from the neighboring sensors. 
The planar field gradient computed in this way approximates the signals measured by physical 
planar gradiometers (e.g. as in Neuromag systems, Elekta Neuromag Oy, Stockholm, Sweden). 
Power representations calculated for the horizontal and vertical gradient for a given sensor 
location were subsequently summed. This procedure simplifies the sensor-level analysis of the 
MEG signals in the frequency domain, since the strongest power usually is situated directly 
above the neural source (Hämäläinen et al., 1993). 
Time-frequency representations (TFRs) of power were characterized using a spectrogram 
computed from short sliding time-windows (Percival and Walden, 1993). The data in each time 
window were multiplied with a Slepian taper (k=1). The Fourier transforms and power of the 
tapered time windows were then calculated. The power estimates were subsequently averaged 
over multiple trials for a given memory load. We applied a 0.4 s time window and 2 Hz frequency 
smoothing. The absolute change in power of the TFRs was then calculated by subtracting the 
baseline power from a 0.5 s period prior to the presentation of the first memory item. Since the 
TFRs of power were calculated for the individual trials and then averaged, oscillatory activity 
that is not phase-locked to the stimuli can be detected. To examine parametric changes in power 
of the TFRs with respect to load, L, we fitted power to the function P = α + β*L. β is the regression 
coefficient (or the slope):
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and α the intercept. The test statistic following Student’s t-distribution with n-2 degrees of 
freedom is:
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and n the number of trials.
To test the statistical significance of the regression coefficient, a nonparametric randomiza-
tion procedure was applied that controls for multiple comparisons over sensors (Maris, 2004; 
Maris and Oostenveld, 2007). This method first identifies sensors for which the t-statistic of the 
regression coefficient is below a threshold (P < 0.05). Clusters of spatially contiguous sensors 
exceeding the threshold are then identified. The cluster-level statistic is defined as the sum of the 
t-statistics of the sensors in a cluster. The Type I-error rate for the complete set of 151 sensors is 
controlled by evaluating the cluster-level test statistic under the randomization null distribution 
of the maximum cluster-level test statistic. The randomization null distribution was obtained 
by randomly distributing the trials over the four memory loads within every participant. For 
every randomization the regression coefficients and t-statistics were recomputed, the sensors 
were thresholded, clusters were identified, cluster-level statistics were calculated, and their 
maximum was taken. The randomization distribution was approximated by performing 1,000 
randomizations and calculating the maximum cluster-level statistic for each of them. The P-value 
was approximated by the proportion of these 1,000 random permutation in which the maximum 
cluster-level statistic exceeded the observed maximum cluster-level statistic. 
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A beamforming technique called dynamical imaging of coherent sources (DICS) was applied 
to identify the sources of the memory-dependent alpha power (10.5 Hz). The technique uses 
adaptive spatial filters to localize power in the brain (Gross et al., 2001; Liljestrom et al., 2005). 
The brain volumes for individual subjects were discretized to a grid with 0.5 cm resolution. 
Using head-shapes identified from the MRIs of the individual subjects, we constructed a forward 
model for each grid point using a multiple sphere approximation (Huang and Mosher, 1997). 
From the forward models and cross-spectral densities at the frequency of interest, spatial fil-
ters were constructed for each grid point. This resulted in power estimates for each grid point. 
Note that the DICS estimates were calculated from the planar sensor data directly, not from 
the synthetic planar gradient. The output of the DICS calculations (‘‘source power’’) for the four 
memory loads was fitted to P = α + β*L. This yielded a volume of regression coefficients, β, which 
then was localized on the MRI of each subject.
All the analyses were done using Matlab (MathWorks, Natick, MA) and the FieldTrip toolbox 
developed at the F.C. Donders Centre for Cognitive Neuroimaging (Nijmegen, The Netherlands).
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2.3 RESULTS
The behavioral data were characterized in terms of reaction time and amount of errors for the 
different memory loads. The grand average showed a systematic increase in reaction time (40 
ms/item) and errors with increasing memory load for both positive and negative probes (Figure 
2.2). The increase for both positive and negative probes combined was significant (P < 0.034; 
t-test of regression analysis); for positive probes the increase was significant (P < 0.005) and 
for negative probes there was a trend (P < 0.115). This demonstrates that the basic finding of 
the original Sternberg task was reproduced, namely a parametric increase in reaction time with 
memory load (Sternberg, 1966). 
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Figure 2.2 The behavioral data from the modified Sternberg task. (A) Reaction times for both positive 
and negative probes increase systematically with memory load (slope 40 ms/item). (B) The response 
errors as a function of memory load. Error bars indicate the SEM (N=5).
To characterize the alpha activity at the sensor level, we first analyzed the spectral components 
of the brain activity during the retention interval. Trials with artifacts and wrong answers were 
rejected (≈25%). Figure 2.3A shows a TFR of the power for the 4 item memory loads and the 
5 subjects combined for a single sensor. The sensor that showed the strongest alpha power 
for the averaged conditions was selected in each subject. Note that we calculated the spectral 
representations for the individual trials prior to averaging in order to be able to study oscillatory 
activity not necessarily phase-locked to the stimuli. Strong alpha activity (8–12 Hz) emerged 
about 1 s after the presentation of the last items in the list. The relative increase was about 2 fold 
with respect to baseline and highly significant. The activity was sustained during the retention 
interval until the probe was presented. Changes in power with respect to memory load were 
quantified using the regression coefficient β and averaged over the 5 subjects. As seen in Figure 
2.3B, we observed a load dependent increase in the alpha band. The load dependence with 
Functional role of alpha
39
02
respect to time and frequency followed the profile of the alpha activity (Figure 2.3A). Figure 
2.3C shows the alpha activity (8–12 Hz) for the four memory loads and the control condition. 
Note the systematic increase in alpha power as the memory load increases. The alpha power of 
the control condition was not statistically different from the power of memory load S = 1. Nev-
ertheless, the alpha power was significantly different for load S = 2, 3 and 4 when individually 
compared to the control condition. When comparing the control condition (3 items; no memory 
requirement) to the load 3 memory condition, the alpha power of the memory condition is higher 
(see Figure 2.3C). This argues that the alpha increase is related to working memory maintenance 
rather than task related effects such as timing. As seen in Figure 2.3A, some beta power (18–-
22 Hz) was also present during the retention interval. This beta activity might be explained by 
harmonics of the alpha activity; however, it did increase significantly with memory load. 
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Figure 2.3 The time-frequency representations (TFR) of the posterior alpha activity for occipital sen-
sors averaged over the 5 subjects. The last item was presented a t = 0 s and the probe item at t = 3 s. (A) 
The TFRs of all the four memory loads averaged. Strong alpha activity from 8–12 Hz is clearly visible. (B) The 
TFR of the regression coefficient β relating power to memory load. (C) The temporal development of alpha 
power (8–12 Hz) with respect to the four memory loads. Alpha increased systematically with memory load.
The spatial extent of the memory dependent alpha activity at the sensor level was character-
ized by calculating the regression coefficient of alpha activity with memory load (t = 1.5–2.5 
s; f = 10.5 Hz) for the planar field gradient. The topographical distribution of the regression 
coefficients is shown in Figure 2.4A. In all subjects we identified at least one cluster of sensors 
with a significant memory dependent alpha increase (uncorrected), see Figure 2.4A. To control 
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for multiple comparisons over sensors we used a clustering-based randomization test (see 2.2 
Methods and materials). In 4 of the 5 subjects the increase was significant when controlling 
for multiple comparisons over sensors. The power spectra of the sensors in the clusters with 
the largest t-value (“most significant cluster“) are displayed in Figure 2.4B. The power spectra 
were calculated by averaging the spectral time-frequency representations from 1.5 to 2.5 s. The 
power spectra are dominated by alpha activity that is load dependent. Finally, we performed a 
source reconstruction by means of DICS (see 2.2 Methods and materials) to identify the sources 
of the load dependent alpha activity. Figure 2.4C shows regression coefficients for the increase 
in alpha activity (8–12 Hz) with memory load projected on the brain surface. In four subjects, 
the dominant source of the load dependent alpha activity was found around the parieto-occip-
ital sulcus (marked by a green line in Figure 4C). In the fourth subject the alpha increase was 
centrally located but strongest in occipital cortex. This difference might be explained by a lower 
signal-to-noise of the alpha resulting in a slight miss-localization (see Figure 2.4B). It should be 
noted that even though both alpha power and response times increased with memory load for 
this subject, the response times were in general slower compared to the other subjects. 
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Figure 2.4 Characterizing the memory dependent alpha activity in individual subjects. (A) The top-
ographical maps illustrate the regression coefficient of the alpha activity with respect to memory load. 
Only statistically significant clusters of positive regressions coefficient are shown (see 2.2 Methods and 
materials). A significant increase was found in four subjects; the increase in the fifth subject showed a 
trend but was not significant. (B) The power spectra for the cluster of sensors with significant increase in 
alpha activity with memory load. (C) Maps of the regression coefficient of the memory dependent alpha 
activity estimated in source space and co-localized on the individual subjects MRIs. The coefficients in 
the 3D volume are projected to the brain surface. The green lines indicate the parieto-occipital sulcus. 
The maps are thresholded for each subject with respect to 50% of the maximal correlation coefficient. 
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2.4 DISCUSSION
In this study we have reproduced previous findings demonstrating a parametric increase in alpha 
activity with load during working memory retention. Whereas in a previous study, the memory 
items were consonants (Jensen et al., 2002), we now used faces. We were able to localize the 
neuronal sources of the memory dependent alpha activity to brain regions in the vicinity of the 
parieto-occipital sulcus. This location is consistent with the sources accounting for the ‘’clas-
sical alpha activity’’ emerging when subjects rest with their eyes closed identified in previous 
studies (Salmelin and Hari, 1994, Salenius et al., 1995). We conclude that the working memory 
dependent alpha activity is most likely produced by sources which also are responsible for the 
resting alpha activity. 
There are several novel elements in the data analysis that we have applied. The use of the planar 
gradient has previously proven useful in systems with physical planar gradiometers (Hämäläi-
nen et al., 1993). We have used a simple algorithm to estimate the planar gradient from axial 
gradiometer signals. This is particularly advantageous when analyzing power of oscillatory sig-
nals: in the axial gradient, dipolar fields produce two regions of power adjacent to the source. 
The power estimate in the synthetic planar gradient produces primarily one region of power 
directly above the source. As a result, the planar gradient provides a more spatially focal power 
estimate compared to axial gradiometers (Bastiaansen and Knosche, 2000). The application of a 
cluster randomization technique for analyzing the significant effects at the sensor level provides 
a powerful approach to control for multiple comparisons with respect to sensors (Maris and 
Oostenveld, 2007). Finally, we made use of a beamforming technique to estimate parametric 
changes in power of the measured signals. The approach allowed us to co-localize the regression 
coefficients of parametric changes on the subjects MRIs. This effectively deals with the problem 
of noise bias with respect to depth as discussed in Van Veen (1997). 
In a previous study we also identified an increase in alpha power with working memory load; 
however, source localization was not attempted since the recordings were based on 32 channels 
EEG and anatomical information was not recorded (Jensen et al., 2002). The EEG study did not 
only report on memory dependent alpha increase in posterior sensors, but alpha increase was 
also observed in sensors over the central band. This might suggest the involvement of soma-
to-motor areas in producing memory dependent alpha activity. Nevertheless, in the current 
MEG study we did not find evidence for the engagement of somato-motor sources. It should also 
be emphasized that EEG topographies are highly spatially smeared due to volume conduction 
and cannot be directly compared to MEG topographies. 
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What is the functional role of the memory dependent alpha activity? One possibility is that 
neuronal rhythmic activity synchronized at approximately 10 Hz is required for the active 
maintenance of working memory. Another possibility is that the alpha activity reflects modula-
tion and/or inhibition of areas not required for the memory maintenance. Recently, Druzgal et 
al. (2003) (Druzgal and D’Esposito, 2003) used functional magnetic resonance imaging (fMRI) 
to study the brain activation in a Sternberg task that was similar to ours. They identified a par-
ametric increase the BOLD signal with memory load in prefrontal and inferior temporal areas. 
These areas have been associated with working memory maintenance and face processing 
respectively (Curtis and D’Esposito, 2003, Kanwisher et al., 1997). Load dependent activity 
was not observed in the parieto-occipital sulcus. Thus, we conclude that the memory depend-
ent alpha activity is not likely to reflect neuronal processing directly required for working 
memory maintenance. Often brain activity related to working memory maintenance has been 
shown to be lateralized. We do not find a lateralization in the memory dependent alpha activity 
which is consistent with the ideas that alpha reflects inhibition of the dorsal visual stream. 
We would like to emphasize that our findings are not compatible with the idling hypothesis, 
given that the notion of idling cannot explain the increase in alpha power with memory load 
(Pfurtscheller et al., 1996). 
It remains a possibility that the increase alpha activity is due to a rebound following the visual 
stimulation. The reboundeffect is observed as a decrease in alpha power after visual stimula-
tion followed by a transient increase. In the case of the memory task, one could hypothesize 
that the more items presented, the stronger the rebound. However, several findings are not 
consistent with the rebound hypothesis. First, the degree of initial alpha suppression (0.2-0.7 
s) with respect to baseline does not increase with memory load. Second, the alpha power is 
sustained during the most of the retention interval (see Figure 2.3B and Jensen et al., 2002; 
Figure 2.3D) whereas alpha rebound is transient. Third, note that the alpha increase was much 
stronger during the retention period compared to the recall period. It should be noted that the 
stimulation protocol was different in the previous EEG study in the sense that the items were 
presented simultaneously rather than sequentially. Despite these differences the time-course 
and load dependence of the alpha activity was similar.
In line with other studies, we propose that the load dependent alpha activity reflects inhibition or 
disengagement of the dorsal visual stream (Ray and Cole, 1985, Vanni et al., 1997, Jensen et al., 
2002, Cooper et al., 2003, Jung-Beeman et al., 2004). This inhibition might serve to suppress 
visual inputs in order to prevent interfering signals to brain areas involved in actual working 
memory maintenance. The inhibition hypothesis is consistent with EEG findings demonstrat-
ing that directed visual attention suppresses alpha activity in posterior areas contralateral to 
the hemifield of attention (Worden et al., 2000). Why does alpha activity result in functional 
inhibition? One simple hypothesis is that if neurons are strongly entrained by a 10 Hz rhythm, 
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they will not fire more often than every 100 ms. This will effectively prevent the neurons from 
participating in information processing. Thus, in the case of working memory retention, the alpha 
activity in the parieto-occipital sulcus will block the dorsal information flow from visual areas. 
Which areas provide the signal that results in an increase of alpha power with memory load? 
One possibility is that frontal areas engaged in executive control required for the memory task 
provide a top-down drive, which increases with working memory load. This top-down drive 
could either be phasic or constant. A phasic drive could be measured as coherence in the alpha 
band between frontal and posterior areas during working memory maintenance. This is in line 
with work by Von Stein et al. (2000), who propose that top-down processing can be studied by 
measures of synchronization in the lower frequency bands (theta and alpha). Indeed, several 
EEG studies have identified fronto-posterior coherence in the alpha band in working memory 
tasks (Sauseng et al., 2005, Schack et al., 2005). If the posterior alpha activity during memory 
maintenance is due to a top-down drive, measures of causal interactions (e.g. Brovelli et al., 
2004) should reveal that the posterior alpha activity is controlled by frontal activity. Further 
investigations of fronto-temporal coherence in the alpha band and measures of directionality 
as a function of memory load would help to elucidate whether the posterior alpha activity is a 
consequence of phasic top-down inhibition. 
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ABSTRACT
Attention deficit hyperactivity disorder (ADHD) is characterized by problems in directing and 
sustaining attention. Recent findings suggest that alpha oscillations (8-12 Hz) are crucially 
involved in gating information between brain regions when allocating attention. The current 
study investigates whether aberrant modulation of alpha oscillations contributes to attention 
problems in ADHD patients. Magnetoencephalographic (MEG) signals were recorded in adults 
with ADHD (n=17) and healthy controls (n=18) while they performed a visuo-spatial atten-
tion task. Cues directed attention to the left or right visual hemifield with an 80% validity with 
respect to the upcoming target. Unlike the control group, subjects with ADHD showed a higher 
accuracy for invalidly cued right targets compared to invalidly cued left targets (p =.04). This 
coincided with an inability of the ADHD subjects to sustain the posterior hemispheric alpha 
lateralization in the period prior to the target for the left cue condition (p =.011). Furthermore, 
the control group showed a strong correlation between the degree of alpha lateralization and 
the magnitude of the cueing effect assessed in terms of accuracy (r
s
= 0.71, p =.001) and reac-
tion times (r
s
= -0.81, p < .001). These correlations were absent in the ADHD group. Our results 
demonstrate that subjects with ADHD have a failure in sustaining hemispheric alpha lateral-
ization when cued to the left, resulting in an attentional bias to the right visual hemifield. These 
findings suggest that aberrant modulations of alpha oscillations reflect attention problems in 
ADHD and might be related to the neurophysiological substrate of the disorder. 
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3.1 INTRODUCTION
Attention deficit hyperactivity disorder (ADHD) is a neuropsychiatric disorder characterized by 
a developmentally inappropriate pattern of inattentiveness, impulsivity, and restlessness that 
leads to impairment in multiple areas of life (American Psychiatric Association, 2000). Once 
thought to be solely a childhood disorder, ADHD has now been recognized as an important clin-
ical condition in adults as well. The estimated prevalence of ADHD is about 5% in children and 
adolescents and 3-4% in adults (Fayyad et al., 2007, Polanczyk et al., 2007). One of the clinically 
most marked features of ADHD includes problems in directing and sustaining attention. The 
neuronal substrate of these problems is still relatively unknown. 
The allocation of attention involves both focusing on the relevant information, and at the 
same time suppressing competing and possibly distracting information (Posner and Petersen, 
1990). An increasing number of studies indicate that the allocation of attention and processing 
resources in the brain is linked to oscillatory activity (brain rhythms) in the alpha band (8-12 
Hz) (Bengson et al., 2012, Ergenoglu et al., 2004, Foxe et al., 1998, Fu et al., 2001, Gould et al., 
2011, Handel et al., 2011, Kelly et al., 2009, Kelly et al., 2006, Mathewson et al., 2009, Sau-
seng et al., 2005, Thut et al., 2006, van Dijk et al., 2008, Worden et al., 2000). For instance, a 
decrease in alpha activity typically reflects the engagement of a given area. This might result in 
a gain increase associated with increased attention. Also, increases in alpha activity have been 
shown to actively inhibit neuronal activity and processing (Haegens et al., 2011, Scheeringa et 
al., 2011), which would serve to suppress incoming distracting information. Given these findings, 
alpha modulation is likely to play an important role in attentional processes by gating streams of 
information through the brain (for reviews see (Foxe and Snyder, 2011, Hanslmayr et al., 2011, 
Jensen et al., 2012, Jensen and Mazaheri, 2010, Klimesch, 2012, Klimesch et al., 2007)).
Hypothetically, abnormal modulation of alpha band activity could explain symptoms of inat-
tentiveness and distractibility in ADHD. If the modulation of alpha activity should fail, control 
over which stimuli to process and which to ignore would be lost which in turn would cause 
attention problems. ADHD has been associated with alterations in alpha, theta and beta band 
oscillatory activity in resting state EEG (for a review see (Barry et al., 2003)). Also, a study using 
a cross-model (visual and auditory) cueing paradigm showed an absence of a decrease of alpha 
in response to a cue in children with ADHD (Mazaheri et al., 2010). These results could indicate 
that ADHD is associated with problems in modulating the alpha activity. Further research is 
needed to corroborate this hypothesis.
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A larger part of the research on the functional role of the alpha activity has focused on allocation 
of visuo-spatial covert attention using spatial cues to direct attention to either visual hemifield. 
It is now well established that alpha power decreases in occipital regions contralateral to the 
attended visual field, whereas there is relative increase in alpha power in the ipsilateral occipital 
regions (Bengson et al., 2012, Gould et al., 2011, Handel et al., 2011, Kelly et al., 2009, Kelly et al., 
2006, Sauseng et al., 2005, Thut et al., 2006, Worden et al., 2000). This hemispheric alpha lateral-
ization has often been shown to correlate with spatial detection (Gould et al., 2011, Handel et al., 
2011, Kelly et al., 2009, Thut et al., 2006) and also with response-inhibition abilities (Bengson et 
al., 2012). This marks the importance of alpha modulation in effectively directing and sustaining 
attention to a visual stimulus and shaping behavior. 
Albeit the hemispheric lateralization of the alpha activity by spatial cueing has proven a highly 
robust phenomenon, its consequence for behavior has as not yet been studied in an ADHD 
population. In the present study we set out to investigate (1) if attention problems in ADHD 
could be partly explained by a reduced ability to modulate and sustain oscillatory activity in the 
alpha band, and (2) if abnormal alpha oscillations were related to behavioral performance. To 
that end we used magnetoencephalography (MEG) to record the hemispheric lateralization in 
the alpha band in typically developed adults and adults diagnosed with ADHD.
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3.2 METHODS AND MATERIALS
Subjects 
A total of 41 adults (ages 21-40 years) were recruited for this study from an existing data-
base of adult ADHD patients and healthy control subjects (Dutch cohort of the International 
Multicenter persistent ADHD CollaboraTion; IMpACT (Hoogman et al., 2011)). Participants 
included adult ADHD patients (n= 17), and IQ, age and gender matched healthy control sub-
jects (n= 18). Six subjects (2 ADHD patients, 4 controls) were not included in the final data 
analysis for reasons described below. Patients were included if they met DSM-IV-TR criteria 
for ADHD in childhood as well as adulthood ( American Psychiatric Association, 2000). All par-
ticipants were assessed using the Diagnostic Interview for Adult ADHD (DIVA (Kooij J, 2007)). 
The Structured Clinical Interview for DSM-IV (SCID-I) was used for comorbidity assessment. 
Assessments were carried out by trained professionals (psychiatrists or psychologists). In 
addition, a quantitative measure of clinical symptoms was obtained using the ADHD DSM-IV 
Rating Scale (DuPaul G, 1998). Subjects with co-morbid psychiatric or neurological disor-
ders were excluded. Subjects using ADHD-medication other than psychostimulants drugs 
were also excluded. Seven subjects were using methylphenidate regularly. All of them tem-
porally discontinued their medication for a twenty-hour period before participation, securing 
wash-out. For all subjects IQ was estimated using a subset (block design and vocabulary 
assessments) of the Wechsler Adult Intelligence Scale (WAIS). Handedness was determined 
using the Edinburgh Handedness Inventory (Oldfield, 1971). For demographic information 
see Table 3.1. The study was approved by the local medical-ethical committee (committee 
for protection of human subjects of the Arnhem/Nijmegen region; CMO protocol number 
2009/260) and was performed according to the declaration of Helsinki. Written informed 
consent was obtained from all participants prior to study entry. 
Table 3.1 Demographic information
Control ADHD  Statistics
Age (years; mean, SD) 30.9 ± 5.05 31.8 ± 6.22 -.46 n.s. a
IQ estimation (mean, SD) b 11.7 ± 2.39 12.2 ± 2.32 -.62 n.s. a
ADHD Self report (mean, SD) 2.28 ± 2.76 11.1 ± 3.09 -8.9 p <.001a
Sex (men, women) 10, 8 7, 10 .72 n.s. c
Handedness (right, left) 16, 2 15, 2 .004 n.s. c
aT-test, accepted level of significance p < .05
bIQ estimations of 4 control subjects were missing
cX2-test, accepted level of significance p < .05 
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Experimental procedure 
Each trial was composed of a 0.6 s baseline period with a fixation cross presented at the center 
of the screen (Figure 3.1). Two random dot kinematograms (RDKs) were then displayed in the 
right and the left visual hemifield. In 5/6 of the trials, a left or a right arrow was shown simul-
taneously in the center for 0.2 s. In 1/6 of the trials a question mark (neutral cue condition) 
was shown instead of the cue. The RDKs were each composed of 350 dots moving in random 
directions, each covering 11x11 deg2, centered 10° right and left of the fixation cross. After a 
0.6 to 1.1 s preparation interval, 50% of the dots would coherently move horizontally (leftward 
or rightward), while in the other hemifield dots would move vertically (upwards or downwards) 
for the duration of 0.3 s. Subjects were instructed to detect the horizontal coherent movements 
but not the vertical movements. The movement direction (left or right) was reported by pressing 
one of two buttons with the dominant hand. In 80% of the trials the horizontal coherent move-
ment change would occur in the cued hemifield (valid cue trials). In 20% of the trials horizontal 
movement would occur in the uncued hemifield (invalid cue trials). After each trial, feedback 
was given on accuracy. The response period depended on the button press. All conditions were 
presented randomly and interleaved. A total of 864 trials were presented lasting 2-2.5 s. A 
session lasted about 45 minutes per subject. Prior to the recordings, subjects participated in a 
practice session with 120 trials lasting 5 minutes. During the experiment subjects were seated 
in front of a projector screen, with a distance of 72 cm between eyes and screen. Subjects were 
instructed to move their heads as little as possible during the experiment. The visual stimuli were 
presented using an EIKI-XL-100 projector with 60 Hz refresh rate. Behavioral responses were 
collected with a Current Designs HH-1x4-C fiber optic response device. We used the software 
Matlab Psychtoolbox for presenting the stimuli. 
MEG acquisition
Magnetic signals were recorded using a 275-sensor whole-head MEG system with axial 
gradiometers (CTF, Inc., Vancouver, Canada), located at the Donders Centre for Cognitive 
Neuroimaging, Nijmegen. Following a 300 Hz low pass filter the signals were sampled at 1200 
Hz. During the experiment, horizontal eye-movements were identified in records using the 
electrooculogram (EOG) from electrodes placed at the lateral canthus of each eye. Vertical eye 
movement and eye blinks were identified in the EOG from electrodes placed above and below 
the left eye, centered on the pupil. 
Data analyses 
The performance for the relevant conditions was determined by calculating accuracy (per-
cent correct trials). One control subject was excluded from further analyses because accuracy 
was at chance level in all conditions. Analysis of the MEG data was done using Matlab 7.5.0 
and the Fieldtrip software package (http:/www.ru.nl/fcdonders/fieldtrip/). First, the data was 
down-sampled to 600 Hz following a 150 Hz low-pass filter. To improve the topographic map-
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ping the MEG signals were converted from axial gradiometers to planar gradients as described 
by Bastiaansen et al. (Bastiaansen and Knosche, 2000). All data were visually inspected trial-by-
trial for eye-movements and artefacts in the MEG data. Trials with sustained shifts in horizontal 
EOG relative to baseline (> 50 µV) and other artefacts were rejected. Three control and 2 ADHD 
subjects were excluded from further analyses because more than 2/3 of their trials had to be 
rejected due to horizontal eye-movement. 
Response
Baseline
Preparation
interval
Target
Cue
600 ms
600 - 1100 ms
300 ms
200 ms
Time
Figure 3.1 Schematic overview of the experimental paradigm. After a baseline period subjects were 
attentionally cued to the left or the right visual hemifield and random dot kinematograms (RDK’s) were 
shown in each visual hemifield. After a 600-1100 ms preparation interval, in one of the RDK’s 50% of the 
dots started moving coherently in the left or right direction, in the other RDK up or down. Subject had to 
report the direction of the horizontal movement by pressing a button. In 80% of the trials the horizontal 
movement occurred in the cued hemified (valid cue trial), as shown here, whereas in 20% surprise trials 
it occurred in the other hemifield (invalid cue trial). 
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We first calculated the time-frequency representations of power in a frequency range of 5 to 
30 Hz using fast Fourier transformations. The Fourier transforms were calculated according to 
a sliding time window (shifted in 0.05 s step) after multiplying a Hanning taper, for a time period 
of 0.6 s before to 1.4 s after cue onset. The length of the window (and taper) decreases with 
frequency ΔT= 5/f (e.g. ΔT= 500 ms for f= 10 Hz). To characterize the modulation in oscillatory 
activity with respect to direction of attention, we calculated a normalized contrast between the 
left and right cue condition:
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀	𝐼𝐼𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼	 = 	
/0123	4567	895	–	/0123	;<=>7	895
/0123	4567	895?/0123	;<=>7	895
  Eq. 3.1
After calculating a grand average of all subjects (n= 35), we identified the 8 contiguous sensors 
with the strongest modulation in the preparation interval for each hemisphere (t= 350-750 
ms; f= 9-12 Hz; see Figure 3.3A). These sensors were used to define a left and a right region of 
interest (ROI). This allowed us to calculate the alpha lateralization index (ALI) in each subject 
for the two conditions:
𝐴𝐴𝐴𝐴𝐴𝐴$%&'	)*% 	= 	
𝛼𝛼	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	$%&'	)*%
$%&'	234 	− 	𝛼𝛼	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	$%&'	)*%
2678'	234
𝛼𝛼	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	$%&'	)*%
$%&'	234 	+ 	𝛼𝛼	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	$%&'	)*%
2678'	234	 Eq. 3.2
𝐴𝐴𝐴𝐴𝐴𝐴$%&'(	*+, 	= 	
𝛼𝛼	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	$%&'(	*+,
4,5(	$67 	− 	𝛼𝛼	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	$%&'(	*+,
$%&'(	$67
𝛼𝛼	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	$%&'(	*+,
4,5(	$67 	+ 	𝛼𝛼	𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝	$%&'(	*+,
$%&'(	$67  Eq. 3.3
Statistical analyses
Statistical analyses on differences in behavior and temporal effects of alpha lateralization were 
conducted using repeated measures ANOVA tests. Differences reported to be significant were 
significant at level p <.05, also after applying a Bonferroni correction for multiple comparisons 
for post hoc analyses. 
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3.3 RESULTS
No significant difference was found on demographic variables, other than the scores for the 
ADHD self-report which were significantly higher in the ADHD group compared to the control 
group (p <.001; see Table 3.1). The MEG data were acquired from both groups performing the 
spatial-cueing paradigm described in Figure 3.1. The total number of trials after rejecting data 
with artefacts or eye movements did not differ between the groups (controls: 718 ±138; ADHD: 
721 ±108; p =.94; independent samples t-test). 
Behavioral data 
Statistical analyses were performed using accuracy and reaction times. No significant dif-
ferences were found in overall task performance between the groups. Repeated measures 
ANOVAs were conducted with factors target-side (left and right), cue-validity (valid and 
invalid) and a between groups factor (control and ADHD). Considering accuracy, the data 
showed a main effect of cue-validity (F(1,33)= 13.47; p =.001) and a significant three-way 
group by target-side by cue-validity interaction (F(1,33)= 4.98, p =.033). Analyses of the data 
split by group showed a main effect of cue-validity (F(1,16)= 4.77; p =.044) and a significant 
target-side by cue-validity interaction (F(1,16)= 7.42, p =.015) in the ADHD group, and a 
main effect of cue-validity for controls (F(1,17)= 9.03, p =.008). Post hoc analyses showed 
a significant difference between the valid and invalid cue condition both for left and right 
targets (resp.: 79.8 ±13.9; 76.0 ±17.1; p =.029; and 80.9 ±13.5; 76.4 ±16.4; p =.022) in con-
trols. In contrast, in the ADHD group we did find a significant difference between the valid 
and invalid cue conditions for left targets (resp.: 76.6 ±15.3; 71.7 ±19.3; p =.005), but not for 
right targets (resp.: 78.6 ±11.4; 79.3±10.6, p =.65). This was due to higher accuracy of inval-
idly cued right targets compared to invalidly cued left targets (resp.: 79.3 ±10.6; 71.7 ±19.3; 
p =.04; Figure 3.2A). The lack of cueing effect (accuracy of validly cued minus invalidly cued 
targets) for right targets in the ADHD group correlated strongly with the number of ADHD 
symptoms as measured by the ADHD self-report questionnaire (r
s
= -0.64 [Spearman’s rho], 
p =.005; Figure 3.2B).
Analysis of reaction times showed a significant main effect of cue-validity (F(1,33)= 15.05; p 
<.001) and a significant two-way group by cue-validity interaction (F(1,33)= 5.27, p =.028). Split-
ting the data by group showed that this interaction was explained by a lack of a main effect of 
cue-validity in the ADHD group (F(1,16)= 2.58, p =.13), compared to a significant main effect 
of this parameter in controls (F(1,17)= 13.12, p =.002).
56
Chapter 3
Control ADHD
A
cc
ur
ac
y 
[%
]
90
80
70
60
Left target Left targetRight target Right target
** n.s.* *
BA
ADHD self-report score
R
ig
ht
 ta
rg
et
 c
ue
in
g 
ef
fe
ct
A
cc
ur
ac
y 
[%
]
10
0
-15
0 10 20
r = -.64, p = .005
Validly cued 
Invalidly cued
5
-10
-5
5 15
*
Figure 3.2 Behavioral data. (A) Mean accuracy for left and right targets which were validly and invalidly 
cued. Error bars denote standard error of the mean (* p < 0.05, ** p < 0.01). Note that in the ADHD group 
there is a lack of cueing effect for right targets, explained by a significant increase in the accuracy of right 
sided targets when invalidly cued to the left. We conclude that this is due to a relative attentional bias to 
the right although cued to the left visual hemifield. (B) Individual cueing effect of the ADHD group, for 
the right cue condition plotted as a function of number of ADHD symptoms as measured by the ADHD 
self report. A significant negative correlation is observed, showing that the relative attentional bias to the 
right hemifield correlates with ADHD severity.
We conclude that when considering accuracy, the ADHD group showed a lack of cuing effect for 
right targets, explained by reduced cueing costs for right targets when invalidly cued to the left 
visual field. In other words, there was a relatively increased allocation of attention to the right 
visual field although attentionally cued to the left visual hemifield. The lack of cueing effect for 
right targets was shown to correlate with ADHD severity. With respect to reaction times, the 
ADHD group showed a lack of effect of cueing altogether.
Alpha lateralization during covert attention
First we characterized the modulation in posterior alpha power with respect to cueing from the 
MEG data (Figure 3.3A). From the time-frequency representations (TFRs) of power, both groups 
demonstrated a robust modulation in left and right occipital sensors during the preparation 
interval when contrasting the TFRs for left versus right cues (modulation index, see Eq. 3.1). The 
modulation was strongest in the 9-12 Hz band. The topographic maps revealed clear maxima and 
minima over respectively left and right occipital cortices. This allowed us to identify regions of 
interests (ROIs) as shown in Figure 3.3A, left panel, marked sensors. There was no statistically 
significant difference between the groups in the modulation index of either ROI. Subsequently 
we calculated the alpha lateralization indices (ALI) for both conditions by contrasting the left 
and right ROIs (see Eq. 3.2 and Eq. 3.3), after baseline correcting alpha power using a relative 
baseline (t= -300 to 0 ms). Figure 3.3B shows the results for the time course of the hemispheric 
alpha lateralization (ΔALI). We then set out to differentiate between the ability to shift and sus-
tain alpha lateralization. Two time intervals were defined from the average of ΔALI of all subjects 
(n= 35): the shift-period (tminimum ΔALI to tmaximum ΔALI after cue-onset, resp. t(-0.0082)= 0.15 s and t(0.063)= 
0.45 s) and the maintenance-period (interval after tmaximum ΔALI, 0.5-1.1 s). 
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Figure 3.3 (A) Left panel: TFRs of the contrast between left and right cue conditions (modulation index; 
Eq. 3.1). The solid black line denotes time of cue-onset, the dotted line denotes time after which a target 
could occur. The black square indicates the frequency range (9-12 Hz) and time period (0.35-0.75 s) that 
were used for sensor selection of the ROIs. Right panel: topographic representation of this frequency 
range and time period noted above. Black dots depict the sensors that were selected for the left and right 
ROIs. The TFRs on the left give the mean of those sensors. For both groups alpha modulation was most 
robust in occipital regions. (B) Mean Δ alpha lateralization index (ΔALI) over time (mean in dark color, 
SEM in light color). Dark grey denotes the shift period (t= 0.15-0.45 s) and light grey the maintenance 
period (t= 0.5-1.1 s). Both groups show a shift in lateralization, but the ADHD group shows an inability 
to sustain the lateralization in the maintenance period.
58
Chapter 3
Both groups showed hemispheric alpha lateralization. The difference in lateralization was 
sustained during the maintenance period for the control group but declined at the end of the 
maintenance period in the ADHD group. 
Figure 3.4 shows the time course of ALI according to cue direction. In both the control and 
ADHD group, we observed increases in ALI with respect to baseline for left cues (alpha power 
was relatively higher in the right compared to the left hemisphere). The reverse was the case for 
right cues. The lateralization was sustained during the maintenance period for both cue direc-
tions in controls. However, in the ADHD group after a left cue, lateralization increased during 
the shift period but it waned off during the maintenance period (Figure 3.4A, lower panel, blue 
line). To compare between groups, a repeated measures ANOVA was conducted with factors 
cue-direction (left and right), time-period (early and late maintenance period, resp. 0.5-0.7 s and 
0.9-1.1 s) and a between groups factor (control and ADHD). The analysis revealed a main effect 
of cue-direction (F(1,33)= 18.23; p <.001), a cue-direction by time-period interaction (F(1,33)= 
5.69; p =.023), and a significant three-way group by cue-direction by time-period interaction 
(F(1,33)= 4.23; p =.048). Considering the data according to group revealed a main effect of 
cue-direction (F(1,16)= 5.63; p =.03) and a significant cue-direction by time-period interaction 
(F(1,16)= 7.98; p =.012) in the ADHD group; for controls only a main effect of cue-direction was 
observed (F(1,17)= 15.12; p =.001). Our key finding as revealed by the post hoc analyses was a 
significant decrease in ALI in the left cue condition for the ADHD group when comparing early 
and late maintenance (resp. 0.041 ±0.14; -0.0029 ±0.13; p =.011). For the right cue condition 
and within the control group no significant difference between the two time-intervals was found. 
Also, in controls the difference in ALI between the left and right cue condition
 
was significant in 
both early maintenance (resp. 0.028 ±0.13; -0.028 ±0.12; p =.001) and late maintenance (resp. 
0.031 ±0.17; -0.023 ±0.13; p =.003). In contrast, although significantly different in early main-
tenance (resp. 0.041 ±0.14; -0.021 ±0.11; p =.01), ALI was not significantly different between 
the two conditions in late maintenance in the ADHD group (resp. -0.0029 ±0.13; -0.030 ±0.11; 
p =.15; Figure 3.4B).  
Taken together, we conclude that although both groups showed robust hemispheric alpha later-
alization with respect to cueing, the lateralization was most stable in the control group. For the 
ADHD group the cue-directed lateralization was not sustained when cued to the left. 
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Figure 3.4 (A) Mean alpha lateralization indices (ALI) of the left and right cue condition plotted against 
time (grey area denotes the maintenance period, t= 0.5-1.1 s). A higher value of the alpha lateralization 
index means a shift in alpha power to the left hemisphere, lower lateralization index means a rightward 
shift. Note the decline of leftward alpha lateralization for the left cue condition during the maintenance 
period in the ADHD group (blue line, lower panel). (B) Mean ALI of early maintenance (t= 0.5-0.7 s) and 
late maintenance (t= 0.9-1.1 s) for both conditions and groups (* p < 0.05, ** p < 0.01). In the ADHD group 
a significant decline in ALI can be observed when comparing early and late maintenance in the left cue 
condition. Note that for the ADHD group there is a significant lack of difference in ALI when comparing 
the left and right cue condition but only in the late maintenance phase. 
Correlations between performance and alpha lateralization 
Next we set out to relate the hemispheric alpha lateralization to behavior. The cueing effect was 
defined as the difference between validly and invalidly cued targets and calculated for both accu-
racy and reaction times. Note that the benefits from cueing are positively expressed in accuracy 
and negatively in reaction times. High cueing effects suggest that subjects have a strong spatial 
focus for the cued direction at the expense of the uncued direction. First we calculated the alpha 
lateralization (ΔALI) for 400 ms windows, time-locked to the target. Sensor selection was per-
formed as described in the methods and materials section. Analyses using Spearman’s rho showed 
surprisingly strong correlations for both accuracy and reaction time cueing effect to ΔALI in con-
trol subjects (resp.: r
s
= 0.71, p =.001; r
s
= -0.81, p <.001). This suggests that subjects with strong 
alpha lateralization also are subjects with a strong spatial focus. These correlations were not sig-
nificant for the ADHD group (for accuracy: r
s
= 0.022, p =.93; for reaction time: r
s
= -0.10, p =.69; 
Figure 3.5). Using a Fisher transformation (Fisher, 1921), the correlation coefficients of the two 
groups were shown to be significantly different (for accuracy: z-value= 2.33, p =.01; for reaction 
time: z-value= -2.76, p =.003). These results were specific alpha lateralization, no correlations were 
found between behavior and absolute alpha power.
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Figure 3.5 Individual cueing effects plotted as a function of the alpha lateralization index, for accu-
racy (upper panels) and reaction times (lower panels). In controls there is a strong linear relationship 
between the lateralization strength and the magnitude of the behavioral effect of cueing expressed in 
both accuracy and reaction times. In the ADHD group on the other hand, no such relationship was found 
for either of the behavioral measures. 
Our findings reveal that the degree of hemispheric alpha lateralization is predictive of perfor-
mance in the control subjects. This correlation was absent in the ADHD group and is likely to be 
explained by the break-down in sustained hemispheric alpha power lateralization in the ADHD 
subjects (Figure 3.4). 
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3.4 DISCUSSION
The current study addresses the question if attention deficits in ADHD are associated with 
problems in modulating alpha oscillations. To elicit hemispheric lateralization of posterior 
alpha activity, a motion coherence detection task was used in which subjects were instructed 
to covertly attend to either the left or the right visual field. Analyses of performance and simul-
taneous MEG recordings of brain activity revealed remarkable differences when comparing 
the ADHD and control group on three measures: Firstly, when considering behavioral accuracy, 
we found that in the ADHD group there was an increase in attending to the right visual field, 
although cued to the left. This effect was linked to ADHD severity. When considering reaction 
times, the ADHD group did not show a significant effect of cueing. Secondly, the control group 
showed sustained alpha lateralization preparing for a response to an upcoming target, while this 
effect was aberrant in ADHD subjects when attending to the left visual field: while they initially 
showed a shift in alpha lateralization, they were not able to maintain the lateralization. Finally, 
the alpha lateralization correlated with the ability to allocate spatial attention in the control 
group. This correlation was absent in the ADHD group. 
From the results of the ADHD group we conclude that although subjects with ADHD were 
capable of modulating posterior alpha oscillations, they were impaired in sustaining alpha later-
alization when cued to the left visual hemifield. This aberration in alpha lateralization coincided 
with a relative attentional bias towards the right visual field when cued to the left. 
Our findings in the control group are consistent with results of prior studies on the relationship 
between posterior alpha lateralization and visual detection performance (Bengson et al., 2012, 
Gould et al., 2011, Handel et al., 2011, Kelly et al., 2009, Thut et al., 2006). Especially the results 
plotted in Figure 3.5 (left panels) are noticeable. They show that modulation of the distribution 
of alpha activity over the visual cortex gives rise to individual differences in performance. This is 
new evidence demonstrating that the ability to modulate the alpha activity is trait-specific and 
that it has behavioral consequences. The absence of a correlation between alpha lateralization 
and behavior in the ADHD group is most likely explained by the inability to sustain the alpha 
lateralization during the preparation interval.
Interestingly, an attentional bias towards the right visual hemifield has been related to attention 
problems in previous studies. It has been reported in patients diagnosed with ADHD (Bellgrove 
et al., 2008, Dobler et al., 2005, Geeraerts et al., 2008, Sheppard et al., 1999, Voeller and Heilman, 
1988), but also in typically developed subjects with decreased levels of attention (Dufour et 
al., 2007, Manly et al., 2005, Poynter et al., 2010). We now demonstrate that the spatial bias is 
possibly linked to an inability to sustain hemispheric alpha lateralization when attending to the 
left. This conclusion is corroborated by an EEG study showing a rightward hemispheric alpha 
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lateralization in adults with ADHD both during rest and task performance without being cued 
(Hale et al., 2009). As reduced alpha lateralization has been shown to predict failure to inhibit 
motor-responses (Bengson et al., 2012), impulse- and motor-control problems in ADHD could 
also be associated with aberrant alpha modulation. 
The key question that arises from our findings is: What causes the inability of ADHD patients to 
maintain the alpha lateralization? Research on healthy subjects and hemi-neglect patients have 
given insight into processes and networks related to spatial attention and the control of alpha 
oscillations (for reviews see (Corbetta and Shulman, 2002, 2011, Foxe and Snyder, 2011, Hansl-
mayr et al., 2011, Shulman et al., 2009)). Areas in the ventral and dorsal attention network, e.g. 
frontal eye fields (FEF) and intraparietal sulcus (IPS), as well as subcortical nuclei, e.g. thalamus and 
basal ganglia, are highlighted. Corbetta and Shulman (2011) hypothesize that in stroke patients 
spatial neglect is due to disruptions in the ventral network or subcortical structures, resulting in 
unbalanced interhemispheric physiological activity, like alpha oscillations, in the dorsal network 
(Corbetta and Shulman, 2011). Similar processes could explain our results in ADHD patients. 
Aberrations in modulating alpha could stem from malfunction of individual nodes of the network, 
and also from problems in (functional) connectivity between the nodes. A recent transcranial 
magnetic stimulation (TMS) study provides evidence for a crucial role for the right IPS in con-
trolling anticipatory posterior alpha rhythm (Capotosto et al., 2012). Thalamic nuclei were shown 
to drive alpha oscillatory activity (Hughes and Crunelli, 2005) and modulate alpha band synchrony 
between cortical areas (Saalmann et al., 2012). Furthermore, dopaminergic pathways may be of 
importance, as they are shown to be associated with attentional bias in ADHD patients (Bellgrove 
et al., 2008, Bellgrove et al., 2005, Nigg et al., 1997, Sheppard et al., 1999) and in healthy individuals 
(Bellgrove et al., 2007, Newman et al., 2012, Tomer et al., 2012). Finally, failing connectivity could 
also play part, as a functional disconnection of frontal theta activity and posterior alpha modulation 
was found in children with ADHD (Mazaheri et al., 2010).
In summary, significant differences were observed in both behavior and hemispheric alpha band 
lateralization when comparing controls and subjects diagnosed with ADHD. Problems in main-
taining leftward lateralization and a right visual field attentional bias were found in the ADHD 
group. This is the first study to link the right-sided bias observed in ADHD to the alpha-inhi-
bition theory. Although the number of subjects included in this study was relatively small, we 
conclude that aberrant alpha modulation is a correlate of cognitive deficits in adult ADHD. In 
future studies it would be of great interest to test if these findings also hold for children and 
adolescents with ADHD, and explore if aberrant alpha modulation is also found beyond the 
visual domain. Furthermore, possible brain areas and processes controlling alpha modulation 
should be investigated, both in ADHD patients and typically developed subjects. We hope this 
will lead to greater mechanistic insight into the causes of ADHD and eventually even improve 
treatment of the disorder. 
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ABSTRACT
Attention deficit hyperactivity disorder (ADHD) is characterized by problems in regulating 
attention and in suppressing disruptive motor-activity, i.e. hyperactivity and impulsivity. We 
recently found evidence that aberrant distribution of posterior alpha band oscillations (8-12 
Hz) is associated with attentional problems in ADHD (see chapter 3). The sensorimotor cortex 
also produces strong 8-12 Hz band oscillations, namely the mu rhythm, and is thought to have 
a similar inhibitory function. Here, we now investigate whether problems in distributing alpha 
band oscillations in ADHD generalize to the mu rhythm in the sensorimotor domain. In a group 
of adult ADHD (n=17) and healthy control subjects (n=18; aged 21-40 years) oscillatory brain 
activity was recorded using magneticencephalography during a visuo-spatial attention task. 
Subjects had to anticipate a target with unpredictable timing and respond by pressing a button. 
Preparing a motor response, the ADHD group failed to increase hemispheric mu lateralization 
with relatively higher mu power in sensorimotor regions not engaged in the task, as the con-
trols did (F
1,33
=8.70; p=.006). Moreover, the ADHD group pre-response mu lateralization not 
only correlated positively with accuracy (rs=.64; p=.0052) and negatively with intra-individual 
reaction time variability (rs=-.52; p=.033), but it also correlated negatively with the score on an 
ADHD-rating scale (rs=-.53; p=.028). We suggest that ADHD is associated with an inability to 
sufficiently inhibit task-irrelevant sensorimotor areas by means of modulating mu oscillatory 
activity. This could explain disruptive motor-activity in ADHD. These results provide further 
evidence that impaired modulation of alpha band oscillations is involved in the pathogenesis 
of ADHD. 
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4.1 INTRODUCTION
Attention deficit hyperactivity disorder (ADHD) is characterized by a pervasive pattern of devel-
opmentally inappropriate inattentive, impulsive and hyperactive behaviors that typically begin 
during the preschool years and often persist into adulthood (American Psychiatric Association, 
2000, Fayyad et al., 2007, Polanczyk et al., 2007, Simon et al., 2009). Attention deficit symptoms 
cover problems in directing and sustaining attention, whereas hyperactivity and impulsivity 
symptoms cover a surplus of motor-activity in general and an inability to suppress motor-activity 
when unwanted or socially inappropriate.
A longstanding hypothesis characterizes ADHD as a disorder of cognitive and behavioral 
inhibition [for reviews see (Adams et al., 2008, Barkley, 1997, Boonstra et al., 2010, Nigg, 
2005, Sergeant et al., 2003)]. Top-down controlled oscillations in the alpha band (8-12 Hz) 
are thought to play a key role in functional inhibition of cortical areas [for a review see e.g. 
(Foxe and Snyder, 2011, Jensen and Mazaheri, 2010, Klimesch et al., 2007)]. In a prior study 
we reported evidence that failure to regulate cortical alpha activity is related to attentional 
problems in ADHD. Aberrant posterior hemispheric alpha lateralization was shown to be 
associated with visuo-spatial attention problems in adults with ADHD (see chapter 3 (ter 
Huurne et al., 2013)). We now investigate whether these problems in orchestrating alpha 
band oscillations extend to the sensorimotor domain, as problems in inhibiting motor actions 
is part of the pathology of ADHD. 
As in visual areas, oscillations in the alpha band are also observed in sensorimotor cortex known 
as the mu rhythm. The functional role of the mu rhythm seems to be similar to the visual alpha 
rhythm. When a motor act is prepared, observed, imagined or executed robust modulations of 
the mu rhythm are seen over sensorimotor cortex (Babiloni et al., 2004, Muthukumaraswamy 
et al., 2004, Pfurtscheller et al., 2006, Pfurtscheller and Neuper, 1994, Pfurtscheller et al., 1994, 
Salmelin and Hari, 1994, Stancak and Pfurtscheller, 1996). A decrease in mu is observed in sen-
sorimotor areas that are involved in performing the motor action, while at the same time an 
increase is observed in sensorimotor areas ipsilateral to the engaged body part. With this, it is 
thought that sensorimotor mu has a similar function as alpha in sensory cortex, to functionally 
inhibit cortical areas (Neuper et al., 2006, Salmelin and Hari, 1994). 
Although mu modulation has been related to failing suppression of motor responses in healthy 
subjects (Mazaheri et al., 2009), little research has been done on the mu rhythm in ADHD 
patients. Yordanova et al. measured mid-line electroencephalographic mu-band activity during 
motor-responses in an auditory attention task in children with ADHD. Although there were 
no differences in mu suppression during motor response generation, the ADHD group did 
show mu suppression after stimuli that did not require motor responses (Yordanova et al., 
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2013). This could support the idea that diminished mu modulation is involved in impulsive 
motor responding in ADHD. Another magnetoencephalography (MEG) study investigated 
somatosensory mu modulation after median nerve stimulation in adults with ADHD, showing 
diminished mu reactivity in ADHD, especially with unpredictable stimulation (Dockstader et 
al., 2009). 
Notably, in both patient studies, deviant mu modulation was related to preparation and antic-
ipation. When anticipating and preparing a goal directed motor action task relevant motor 
regions should be ready to engage on demand, while at the same time activity in task-irrele-
vant motor areas should be suppressed. In ADHD, mu modulation could be impaired resulting 
in insufficient inhibition of task-irrelevant cortical areas causing unwanted and disruptive 
motor-output. To test this hypothesis, we set out to investigate 1) whether preparatory sen-
sorimotor mu modulation is impaired in patients with ADHD by evaluating hemispheric mu 
lateralization; and 2) whether the ability to modulate sensorimotor mu relates to the ability 
to suppress disruptive motor actions, as expressed by ADHD symptom severity in daily life. 
To this end analyses were conducted on pre-existing MEG data recorded in a group of adults 
with and without ADHD when performing a visual spatial attention task that required (pre-
paring for) motor responses. 
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4.2 METHODS AND MATERIALS
The dataset that was used for the analysis was published before elsewhere, for more details 
see chapter 3 (ter Huurne et al., 2013). The study was approved by the local medical-ethical 
committee (committee for protection of human subjects of the Arnhem/Nijmegen region; CMO 
protocol number 2009/260) and was performed according to the declaration of Helsinki. Writ-
ten informed consent was obtained from all participants prior to study entry. 
Subjects
Forty-one adults (ages 21-40 years) were recruited from an existing database, the Dutch cohort 
of the International Multicenter persistent ADHD CollaboraTion (IMpACT) study (Hoogman et 
al., 2011). After excluding 6 participants for reasons described below, 17 ADHD patients and 18 
IQ, age, handedness and gender matched healthy control subjects remained for final analysis. 
For demographic information see Table 3.1 (chapter 3). Subjects in the patient group met the 
DSM-IV-TR criteria of ADHD, and none in the control group did. All participants were assessed 
using the Diagnostic Interview for Adult ADHD [(Kooij J, 2007), http:/www.divacenter.eu/DIVA.
aspx]. In addition, a quantitative measure of clinical symptoms was obtained using the self-re-
port of the ADHD DSM-IV Rating Scale (DuPaul G, 1998, Kooij et al., 2005). General exclusion 
criteria were any (co-morbid) psychiatric, as assessed using the Structured Clinical Interview for 
DSM-IV (SCID-I), or neurological disorder and prescription medication use (other than psycho-
stimulant or anti-conceptive drugs). If subjects used psychostimulants they were requested to 
temporarily discontinue their medication (at least 18 hours) before and during the experiment. 
An estimation of IQ was made using a subset of the Wechsler Adult Intelligence Scale (WAIS). 
Handedness was determined using the Edinburgh Handedness Inventory (Oldfield, 1971). 
Experimental procedure
We used a cued visuo-spatial covert attention task. For the current study the cuing is not of inter-
est. The basic outline of each trial was as follows (also see Figure 4.1). After a baseline period of 
0.6 s with no visual stimulation the trial would start. The start of the trial was marked by a visual 
cue presented centrally (an arrow pointing to the left or right) or in 1/6 of the trials a question 
mark (neutral cue condition) flanked on both sides by a random-dot-kinematogram (RDK). The 
cue would disappear after 0.2 s while the RDKs stayed on. After an jittered interval ranging from 
0.6 to 1.1 s the dots in the RDKs would start moving coherently for 0.3 s, on one side horizontally 
(left- or rightwards) and on the other vertically (up- or downwards). Subjects were instructed to 
detect the direction of the horizontal movement. In 80% of the trials, the horizontal movement 
would be in the RDK on the cued side (‘valid cue trials’) and in 20% of the trials in the RDK on the 
non-cued side (‘invalid cue trials’). Subjects were instructed to respond as quickly as possible by 
pressing a left (for leftward movement) or right button (for leftward movement) using the index 
and middle finger of their dominant hand. After each trial, feedback was given on accuracy. A total 
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of 864 trials were presented lasting 2-2.5 s. A session lasted about 45 minutes per subject. Prior 
to the recordings, subjects participated in a practice session with 120 trials lasting 5 minutes. 
During the experiment subjects were seated in front of a projector screen, with a distance of 72 cm 
between eyes and screen. Subjects were instructed not to move during the experimental trials. The 
visual stimuli were presented using an EIKI XL 100 projector with 60 Hz refresh rate. Behavioral 
responses were collected with a Current Designs HH-1x4-C fiber optic response device. We used 
the software Matlab Psychtoolbox for presenting the stimuli. 
MEG acquisition
A 275-sensor whole-head MEG system with axial gradiometers (CTF, Inc., Vancouver, Canada), 
located at the Donders Centre for Cognitive Neuroimaging, Nijmegen was used to record oscillatory 
brain activity. Signals were low-pass filtered at 300 Hz and sampled at 1200 Hz. Eye-movements 
were identified in records using the electrooculogram (EOG) from electrodes placed at the lateral 
canthus of each eye, eye-blinks from electrodes placed above and below the left eye. Using three 
head localization coils (positioned on the nasion and two ears) x-, y- and z-coordinates were recorded 
to calculate head positions with respect to the MEG sensor array (Stolk et al., 2013). 
Data analysis
For each subject behavioral performance in terms of percent correct responses (accuracy) was 
determined. One control subject was excluded from further analyses because performance 
was at chance level. Offline analysis of the MEG recordings was done using Matlab 7.5.0 and 
the Fieldtrip software package (http:/www.ru.nl/fcdonders/fieldtrip/). Data was down-sampled 
to 600 Hz and low-pass filtered at 150 Hz. For each trial head-movement was calculated with 
respect to the head-position in the first trial and with respect to the preceding trial (inter-trial 
head movement). For one of the ADHD subjects’ data on head position was missing due to a 
technical error. For the rest of the subjects’ trials with head-movement that exceeded 1 cm 
with respect to the first trial and beyond 1 mm with respect to the prior trial were rejected. The 
MEG signals were transformed from axial gradiometers to planar gradients to facilitate the 
interpretation of the topographic mapping of the magnetic fields (Bastiaansen and Knosche, 
2000). The planar gradient makes data interpretation easier since the strongest field is situated 
above the neural source. Trials were visually inspected for horizontal shifts of gaze and muscle 
artifacts, rejecting trials with extremely high variance, muscle artifacts and sustained horizon-
tal EOG shifts of more than 50 µV from baseline. Three control and two ADHD subjects were 
excluded from further analyses because more than 2/3 of their trials had to be rejected due to 
horizontal eye-movement. Subsequently, independent component analyses (ICA) was used to 
identify eye-blink and heartbeat artifacts in the data (Jung et al., 2000). Artifactual components 
were semi-automatically identified by correlations between independent components (ICs) 
activation time courses and the vertical EOG and electrocardiography time courses. ICs with 
the strongest correlation were visually inspected and rejected. 
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Baseline
200 ms
600 ms
Cue trial onset
600 - 1100 ms
Preparation interval
Response button press
Target
300 ms
Figure 4.1. Schematic overview of the experimental paradigm. The arrow represents time. After a 
baseline period an attentional cue flanked by random-dot-kinetograms (RDK’s) demarked trial onset. Cue 
validity was 80%. After a jittered preparation interval, in one of the RDK’s the dots would start moving 
coherently in horizontal direction. Subjects had to report as quickly as possible in which direction the dots 
had moved by pressing one of two buttons using their dominant hand. 
74
Chapter 4
For each trial, time-frequency representations (TFRs) of power were calculated with respect 
to trial onset (cue-locked; -0.6 to 1.4 s) and with respect to the button press (response-locked; 
-1.4 to 0.6 s). A fast Fourier transformation (FFT) approach was used. For frequencies between 
5 and 30 Hz with a resolution of 1 Hz an adaptive sliding window (shifting in 0.05 s steps) of five 
cycles length (Δt = 5/f) was used after multiplying a Hanning taper. To calculate the modulation in 
power (event related synchronization, ERS, and event related desynchronization, ERD) TFRs of 
all trials were baseline corrected using a relative change baseline of -0.25 to -0.1 s with respect 
to trial onset. The data of all trials were averaged, using all condition types (neutral cue, valid 
cue and invalid cue) both correctly and incorrectly answered. 
To select two regions of interest (ROIs) the cue-locked data was used, averaging the TFR data 
of all trials and all subjects irrespective of group or handedness (n = 35). To minimize selection 
bias we avoided using the response locked data and contrasts that were later used to investigate 
the main hypotheses (see next paragraphs). Selection criteria for the RIOs were: 2 homologue 
groups, one group in each hemisphere, of 3 contingent sensors with the strongest power 
increase in the 10 - 12 Hz frequency band, in the 0.4 - 0.8 s time-interval after trial onset (cue-
locked data). This topographic distribution and frequency band correspond to prior reports of 
sensorimotor mu power modulation (Pfurtscheller et al., 2006, Pfurtscheller and Neuper, 1997, 
Pfurtscheller et al., 2000). The time interval was chosen such that subjects were preparing for 
an upcoming motor action, but at the same time avoiding spill of the actual motor activity of the 
button-press. 
Next, for each subject time resolved hemispheric mu lateralization indices (MLI) were calculated 
using the left and right ROI; contra- and ipsilateral refers to the ROI with respect to the hand 
used for responding:
𝑀𝑀𝑀𝑀𝑀𝑀 =
%	'()*+,-./0123410	5	%	'()*+6782410123410
%	'()*+,-./0123410	9	%	'()*+6782410123410
  Eq. 4.1
This allows the use of the same measure of mu lateralization for all subjects, irrespective of which 
hand was used for button presses. 
Statistical analysis
In order to statistically test differences in hemispheric mu lateralization two periods of inter-
est were defined: (1) A baseline interval (-0.25 to -0.1 s with respect to trial onset), to assess 
whether there were differences in MLI between the groups in rest (no motor preparation); and 
(2) a pre-response interval, to assess whether there were differences in MLI between the groups 
when preparing for a motor action. The pre-response interval was defined such that it was as 
long as possible without overlapping with the baseline interval or the actual motor action. To do 
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so, the length of the frequency adaptive sliding window that was used for the FFT was taken into 
account (see Data analysis section). The length is greatest at the lowest frequency, 10 Hz. With 
a window length of 5 cycles for 10 Hz, the window length was 0.5 s (5/10 Hz), 0.25 s on each 
side of the time-point. With a minimal trial-length of 0.8 s plus reaction time, we (conservatively) 
defined the start of the pre-response interval with respect to the button-press as -0.9 s added 
to the 0.25 s correction for window length (-0.65 s). The end was defined as the time of but-
ton-press (t = 0 s) minus the 0.25 s correction for window length (-0.25 s). For each subject mean 
MLI was calculated for these time intervals and differences were statistically tested. Repeated 
measures ANOVAs were used, with a between-subject factor group (control and ADHD) and a 
within-subject factor time interval (baseline and pre-response interval). All statistical analyses 
we done using SPSS 19.0 for Windows (IBM SPSS Inc., Chicago, Illinois).
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4.3 RESULTS
There were no significant differences in demographic variables between the groups (Table 3.1; 
Chapter 3), nor in total number of trials after rejections (control: 677±144 [mean, SD]; ADHD: 
701±129; p = .61), nor in mean intra-trial head movement (control: 0.052±0.023 mm; ADHD: 
0.048±0.025 mm; p = .66), as shown using independent samples t-tests. As expected, groups 
did differ in score on the ADHD self-report (control: 2.28±2.76; ADHD: 11.1±3.09; p <.001). 
Behavioral data
As reported earlier, there were differences between the groups in task performance concerning 
effect of cuing (ter Huurne et al., 2013). With respect to reaction times, the ADHD group did 
not benefit from cuing as the controls did. With respect to accuracy, the ADHD group showed 
a lack of cuing effect for right targets. 
In the current study the effect of cuing was not of interest, so the data of all conditions inde-
pendent of cue-type were collapsed. There were no statistically significant differences between 
the groups in overall accuracy (control: 82.9±10.2%; ADHD: 80.7±11.7%; p = .55), nor in overall 
mean reaction time (control: 642±93.1 ms; ADHD: 626±90.4 ms; p = .59). As an additional 
measure of performance we regarded intra-individual variance in reaction time, as increased 
variability has been associated with ADHD [for a review see (Kofler et al., 2013)]. Also in our 
sample, reaction time coefficient of variability (SD/mean) was higher in the ADHD group, but 
this difference was not statistically significant, although trending (control: 0.21±0.036; ADHD: 
0.24±0.067; p = .11, equal variances not assumed; independent samples t-tests).
Sensorimotor mu lateralization
First, the two ROIs were identified using the cue-locked TFR data as described in the method 
section (n = 35; f = 10-12 Hz; t = 0.4 – 0.8 s). Figure 4.2A shows the two homologue groups of 
3 contingent sensors with the strongest power increase in the specified time interval and fre-
quency band that were selected. The topography is consistent with prior reports (Pfurtscheller 
et al., 2006, Pfurtscheller and Neuper, 1997, Pfurtscheller et al., 2000). Figure 4.2B shows the 
TFRs and topographic plots for both the cue-locked and response-locked data of the two groups 
separately. The TFRs of both ROIs show a power increase in the 10-12 Hz mu band in the prepa-
ration interval. Although the overall mu power increase appeared to be weaker in the ADHD 
group (especially in the right hemisphere, see Figure 4.2B right panels) the topography, time 
course and frequency range of mu were similar between the groups.
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Figure 4.2 (A) Topographic representation of mean power of all subjects (n=35), mu frequency range 10 
to 12 Hz, time interval 0.4 to 0.8 s with respect to trial onset (cue-locked data). Black dots denote the 
sensors with the strongest mu power increase which were selected as the left and right ROIs that were 
later used to calculate the mu lateralization index. (B) Topographic plots and TFRs of left and right ROIs 
for both groups separately (wrt: with respect to). Left panels show the TFRs of the left ROI, the right 
panels the TFRs of the right ROI. Dotted lines denote trial onset, solid lines denote time of response. 
The squares denote the corresponding time and frequency of the topographic maps shown in the middle. 
Black and white circles denote the left and right ROI sensors. Although mu-band power increase seems 
less pronounced in the ADHD group (especially for the right hemisphere), the topography, time course 
and frequency range of mu are quite similar between the groups. 
Using the selected ROIs, we then calculated the MLI (Eq. 4.1) for each subject. The MLI charac-
terizes the hemispheric lateralization in the mu band with respect the hand used for the button 
press. Figure 4.3A shows the time course of mean MLI for both groups. A positive MLI cor-
responds to a relatively larger mu power in ipsilateral sensors as compared to contralateral 
sensors with respect to the response hand, i.e. a relatively increased mu activity in sensorimotor 
areas that are not engaged in the task. In the control group mu lateralization started to increase 
immediately after trial onset and kept increasing until the button press was made. The ADHD 
group showed a delayed and smaller MLI increase. 
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Figure 4.3 (A) Mean mu lateralization index (MLI) plotted against time for each group, light grey denotes 
standard error of the mean (wrt: with respect to). Left panel shows MLI with respect to trial onset, right 
panel shows MLI with respect to the button-press (response). A positive MLI means higher mu in sensors 
ipsilateral than contralateral of the responding hand. Note that in the control group (dotted line) mu 
lateralizes increasingly in preparation for the response. In the ADHD group (solid line) mu lateralization 
starts later and is smaller. (B) Mean MLI in the baseline interval (t = -0.25 to -0.1 s with respect to trial 
onset) and the pre-response interval (t = -0.65 to -0.25 s with respect to button-press) for both groups. 
The control group shows a statistically significant increase in MLI in the pre-response interval, in contrast, 
the ADHD group does not.
After calculating MLI for the baseline and pre-response interval, a repeated measures ANOVA 
was done with a between subjects factor group (control and ADHD) and a within subject factor 
time interval (baseline and pre-response interval). The analysis revealed a significant 2-way 
group × time interval interaction (F
1,33
 = 8.70; p = .006), see Figure 4.3B. Post hoc analyses 
showed that in the control group there was a highly significant difference between the MLI in 
the baseline interval compared to the pre-response interval (respectively [resp.]: 0.004±0.071; 
0.216±0.067 [mean, SEM]; p < .0001). In contrast, there was no significant difference between 
the baseline and pre-response interval in the ADHD group (resp.: 0.042±0.054; 0.055±0.046; 
p = .81). Comparing the groups, pre-response MLI was borderline significantly weaker in the 
ADHD group (p = .059), which is likely to explain the overall effect. There was no significant 
difference in baseline MLI between the groups (p = .61). 
We conclude that there were distinct differences between the groups in terms of mu lateraliza-
tion (Figure 4.3). The controls strongly lateralized mu band oscillations when preparing for the 
button-press, with relatively higher mu power in sensors corresponding to the sensorimotor 
cortex ipsilateral to the responding hand. In the ADHD group, however, there was no such pre-
paratory lateralization of mu. 
Correlations between mu lateralization and ADHD symptoms
Next we investigated whether this diminished preparatory lateralization of mu oscillatory activ-
ity is associated with ADHD symptoms in daily life. The analysis revealed a statistically significant 
negative correlation between the individual pre-response MLI and the individual score on the 
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ADHD self-report in the ADHD group (Spearman correlation; rs = -.53; p = .028; Figure 4.4A). 
This means that the less an ADHD subject was able to lateralize the mu activity in preparation 
of a motor action, the more ADHD symptoms were present in daily life. Additional analyses 
revealed that pre-response mu lateralization was also predictive of performance on the task. A 
strong positive correlation was found between pre-response MLI and overall accuracy (rs = .64; 
p = .0052; Figure 4.4B) and a negative correlation between pre-response MLI and reaction time 
coefficient of variability (rs = -.52; p = .033; Figure 4.4C). This shows that in the ADHD patient 
group relatively weaker preparatory mu lateralization was associated with relatively higher 
error rates and stronger intra-individual variability in reaction time. No significant correlation 
was found between pre-response MLI and mean reaction time (rs = .29; p = .25).
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Figure 4.4 (A) Individual pre-response mu lateralization index (MLI) of the ADHD group plotted in rela-
tion to number of ADHD symptoms as measured by the ADHD self-report. There is a negative linear 
relationship between mu lateralization strength and ADHD severity in daily life. (B) Pre-response MLI of 
the ADHD group in relation to accuracy on the task, showing a strong positive relationship between the 
degree of mu lateralization and accuracy. (C) Pre-response MLI of the ADHD group plotted in relation 
to reaction time coefficient of variability. Stronger mu lateralization is associated with smaller intra-indi-
vidual variability in reaction time. 
In sum, the control group showed strong modulation of mu oscillatory activity in preparation 
of an upcoming goal directed motor-action, with relatively higher mu power in task irrelevant 
sensorimotor regions. However, the ADHD patient group failed to show this preparatory mu 
lateralization. Moreover, the lack of preparatory mu lateralization in the ADHD group was not 
only predictive of performance on the task, but also of ADHD symptoms in daily life. 
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4.4 DISCUSSION
In the present study we investigated whether ADHD is associated with impaired modulation of the 
sensorimotor mu rhythm. MEG signals were recorded in a group of ADHD patients and a group 
of healthy controls performing a visual attention task involving preparation of a motor response.
As expected, robust mu rhythm modulation was measured in sensors above sensorimotor areas 
when subjects prepared for a motor response. In the healthy controls the increase in mu synchro-
nization was strongly lateralized relative to the hand used for the button press, with relatively 
higher mu power in the ipsilateral compared to the contralateral hemisphere. The ADHD group 
however failed to show this increase in mu-laterality in preparation of the response. Moreover, 
the degree of preparatory mu-lateralization was shown to correlate negatively with the number 
of daily life symptoms of the ADHD patients. Additionally, we found that the individual degree of 
pre-response mu lateralization was predictive of accuracy on the task (positive correlation) and 
intra-individual variability in reaction time (negative correlation). Taken together, these results 
indicate problems in adequately modulating sensorimotor mu activity in preparation of motor 
actions in patients with ADHD. Not only is the individual extent of these problems predictive 
of behavioral task performance, it is also predictive of the amount of experienced problems in 
controlling disruptive motor activity and attentional processes in daily life.
Like in anticipatory attention, motor preparation is characterized by selection (Brunia, 1999). 
In order to achieve behavioral goals relevant motor regions are selected and recruited, while 
others are selectively suppressed. In the current study subjects had to anticipate a target with 
unpredictable timing, ready to respond with a predetermined motor action. Crucial for maintain-
ing the selected motor program is functional inhibition of task irrelevant areas to guard it from 
disruption. Corroborating prior studies (Babiloni et al., 2004, Pfurtscheller et al., 1994) the con-
trol group showed a relative increase in mu rhythm over task irrelevant sensorimotor areas in 
preparation of the response to prevent disruption or interruption by task irrelevant movement. 
Interestingly, in the ADHD group this demarcation between task relevant and task irrelevant 
areas as expressed by a difference in mu activity was diminished. Yordanova et al. found an abnor-
mal drop in mu reactive to a non-target in ADHD (Yordanova et al., 2013), likely corresponding to 
failing reactive suppression of motor regions. We now show that ADHD is also characterized by 
failing proactive functional inhibition of motorcortical areas by tonically increasing mu to prevent 
unwanted movement (Aron, 2011). 
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The individual ability to lateralize mu proved to be predictive of behavioral performance on the 
current task and ADHD severity as measured by the ADHD self-report. This underlines the 
importance of functional inhibition of the sensorimotor cortex by mu, not only in an experimental 
setting, but also in daily life function. Furthermore, modulation of sensorimotor mu could prove 
a useful biological marker of ADHD, mutually enforced by other disorder specific alterations in 
neuronal oscillatory activity (Mazaheri et al., 2010, Mazaheri et al., 2014).
At this point, the exact neuro-anatomical origin of the reduced mu lateralization in ADHD is 
unknown. Likely candidates are disruptions in function of the prefrontal cortex and the basal 
ganglia (Chambers et al., 2009, Clark et al., 2007, Cubillo et al., 2010, Majid et al., 2013, Rubia 
et al., 1999, Rubia et al., 2001, Teicher et al., 2000) and also the thalamus (Devos et al., 2006, 
Hughes and Crunelli, 2005, Saalmann et al., 2012).
A methodological limitation to the present study is that the data had been used for analyses in a 
prior study (chapter 3 (ter Huurne et al., 2013)). Although it is encouraged to maximize benefits 
from patient datasets, this might increase risk for spurious results. Therefore, follow-up studies 
should be done replicating our findings. Furthermore, self report measures were used to assess 
daily life ADHD symptoms. Clinically rated symptom scales could be preferable as a subset of 
ADHD patients is recognized to be unable to reliably rate their symptoms themselves. 
The present results are further evidence that impaired regulation of alpha band activity is part 
of the neural substrate of ADHD. After showing behavioral implications of aberrant modulation 
of alpha band activity in the sensory system in ADHD (chapter 3 (ter Huurne et al., 2013)), we 
now show aberrant modulation of same frequency band mu rhythm in the motor system, which 
is predictive of ADHD severity. Combined this presents evidence for a central role for aberra-
tions in modulation and orchestration of alpha band oscillations in ADHD, affecting multiple 
functional domains. Future studies should focus on dynamics and interactions of alpha band 
oscillatory activity on a network level. In addition, the effect of pharmacological interventions 
on alpha modulation should be assessed. 
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BASAL GANGLIA VOLUME INDEXES 
ATTENTION RELATED MODULATION 
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ABSTRACT
Alpha band oscillations (8-12 Hz) have been suggested to play a crucial role in selective atten-
tion by inhibiting cortical areas that code for task irrelevant input. Alpha oscillations’ functional 
relevance is highlighted by recent findings showing that problems in modulating the alpha band 
activity are associated with attention deficit hyperactivity disorder (ADHD; see chapter 3 and 
4). We now ask the question if the basal ganglia are involved in top-down controlling alpha, as 
they are thought to play a key role in selection of feed-forward information, and ADHD is asso-
ciated with structural abnormalities of the basal ganglia. Analyses were done on pre-existing 
magnetoencephalography (MEG) and structural magnetic resonance imaging (sMRI) data of 
healthy controls (n=14) and ADHD-patients (n=15). Posterior alpha oscillations were measured 
during a cued visuospatial attention task. Additionally, basal ganglia volumes were determined. 
Contrasting left versus right attention conditions, both groups showed robust posterior alpha 
modulation. This was characterized by a relative alpha power depression contralateral to the 
cued hemifield and an increase in ipsilateral areas. The individual alpha modulation magnitude 
was shown to correlate with the volume of the basal ganglia (rs = .45; p = .014), irrespective 
of subject group. The results show an association between functional alpha modulation and 
structural aspects of the basal ganglia. We conclude that the basal ganglia are part of a network 
controlling alpha oscillations. Furthermore, we suggest that reduced basal ganglia volumes could 
underlie problems in orchestrating alpha oscillations in ADHD, although providing stronger 
evidence would require larger patient sample sizes. 
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5.1 INTRODUCTION
As the brain has limited capacity to process information, selective attention allows our sensory 
system to adapt to the needs of the environment. Neuronal alpha-band oscillatory activity (8-12 
Hz) has been shown to be crucially involved in selective attention by modulating functional brain 
networks through inhibition of task-irrelevant cortical areas. While alpha band activity was pre-
viously thought to reflect cortical idling (Pfurtscheller et al., 1996), there is now strong support 
for a regional specific inhibitory role for alpha activity (for reviews see (Foxe and Snyder, 2011, 
Hanslmayr et al., 2011, Jensen and Mazaheri, 2010, Klimesch et al., 2007)). The importance of 
adequate regulation of alpha oscillatory activity in daily life functioning is highlighted by findings 
of an association between diminished alpha modulation and the neurodevelopmental disor-
der attention deficit hyperactivity disorder (ADHD) (chapter 3 and 4 (Ter Huurne et al., 2017, 
ter Huurne et al., 2013, Vollebregt et al., 2016). The modulation of cortical alpha oscillations is 
thought to be top-down controlled by a network of cortical and subcortical structures. Recent 
evidence points to involvement of the frontal eye fields (FEF) (Marshall et al., 2015b, Popov 
et al., 2017), the intraparietal sulcus (IPS) (Capotosto et al., 2012), the thalamus (Hughes and 
Crunelli, 2005, Saalmann et al., 2012) and structural connectivity of the superior longitudinal 
fasciculus (Marshall et al., 2015a). We here investigate a putative role for the basal ganglia in 
this network, as they are thought to be involved in processes of selective attention and the 
pathogenesis of ADHD.
Selective attention depends on the ability to bias processing of environmental features com-
peting for computational recourses (Desimone and Duncan, 1995, Keysers and Perrett, 2002, 
Posner and Petersen, 1990). In cooperation, the prefrontal cortex (PFC) and the basal ganglia 
are thought to be responsible for controlling these biases, enhancing processing of task-rel-
evant information and inhibiting the processing of task-irrelevant information (Baier et al., 
2010, Frank, 2011, van Schouwenburg et al., 2010). While the PFC is argued to be important 
for focusing on relevant aspects of the environment (Hampshire and Owen, 2006, Sreenivasan 
et al., 2014), the basal ganglia are thought to guard prefrontal representations from irrelevant 
information (Baier et al., 2010, Gruber et al., 2006). This implies that the basal ganglia gate 
feed-forward streams of information from sensory areas. As alpha oscillations are associated 
with suppression of processing, modulating sensory cortical alpha could be the means by which 
the basal ganglia gate those streams. Interestingly, functional modulations of alpha activity have 
been measured in the basal ganglia themselves (Axmacher et al., 2010, Cohen et al., 2009, Lega 
et al., 2011). Alpha synchronization is thought to reflect communication from the frontal cortex 
to the striatum (Cohen et al., 2012, Horschig et al., 2015), and is hypothesized to inhibit further 
processing in the basal ganglia (Horschig et al., 2015). 
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A different line of research has given a central role to fronto-striatal networks in the patho-
physiology of ADHD. Both structural and functional disruptions in the network are reported 
(for reviews see (Cubillo et al., 2010, Krain and Castellanos, 2006, Liston et al., 2011, Rubia, 
2011)). Especially morphological abnormalities of the basal ganglia are associated with ADHD, 
with consistent reports of reduced basal ganglia volume (Ellison-Wright et al., 2008, Frodl and 
Skokauskas, 2012, Hoogman et al., 2017, Nakao et al., 2011). We here explore the notion that if 
the basal ganglia indeed are involved in modulating sensory cortical alpha oscillations, impaired 
structural integrity of the basal ganglia could be an explanation for the aberrations in orches-
trating alpha in ADHD patients.
Taken together, this leads to the hypothesis that modulation of sensory cortical alpha-band 
oscillatory activity by selective attention depends on the basal ganglia and their morphologic 
aspects. Deviant basal ganglia morphology like reduced volume could relate to aberrations in 
modulation of alpha oscillations contributing to the ADHD phenotype. To explore a putative rela-
tionship between basal ganglia volume and the ability to modulate posterior alpha oscillations by 
allocation of selective attention we re-analysed existing data of a group of healthy controls and 
a group of ADHD patients. Structural magnetic resonance imaging (sMRI) data were combined 
with functional magnetoencephalography (MEG) data that were measured during a visuo-spa-
tial selective attention task.
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5.2 METHODS AND MATERIALS 
Part of the dataset that was used for the analysis (the MEG recordings) was published before 
elsewhere, for more details see chapter 3 (ter Huurne et al., 2013). The study was approved 
by the local medical-ethical committee (committee for protection of human subjects of the 
Arnhem/Nijmegen region; CMO protocol number 2009/260) and was performed according 
to the declaration of Helsinki. Written informed consent was obtained from all participants 
prior to study entry. 
Subjects
Forty-one adults (ages 21-40 years) were recruited from an existing database, the Dutch cohort 
of the International Multicenter persistent ADHD CollaboraTion (IMpACT) study (Hoogman et 
al., 2011). All subjects in the ADHD group met the DSM-IV-TR criteria of ADHD, and none in the 
control group did. General exclusion criteria were any (co-morbid) psychiatric, as assessed using 
the Structured Clinical Interview for DSM-IV (SCID-I), or neurological disorder and prescription 
medication use (other than psychostimulant or anti-conceptive drugs). If subjects used psycho-
stimulants they were requested to temporarily discontinue their medication (at least 18 hours) 
before and during the experiment. An estimation of IQ was made using a subset of the Wechsler 
Adult Intelligence Scale (WAIS). A quantitative measure of clinical symptoms was obtained using 
the self-report of the ADHD DSM-IV Rating Scale (DuPaul G, 1998, Kooij et al., 2005). Handed-
ness was determined using the Edinburgh Handedness Inventory (Oldfield, 1971).
Six of the 41 participants were excluded from the final analyses. One control subject was 
excluded because hit-rates were at chance level. Three control and two ADHD subjects were 
excluded because more than 2/3 of their trials had to be rejected due to horizontal eye-move-
ment (see text below). For 29 of the 35 remaining subjects structural MRI data was obtained 
earlier as a part of the IMpACT protocol. Data sets of all of these subjects (n = 29) were used 
for further analysis, including 15 ADHD patients and 14 healthy controls. For demographic 
information on the subject groups see Table 5.1.
Table 5.1 Demographic information
Control ADHD  Statistics
Age (years; mean, SD) 30.7 ±5.34 31.8 ±6.65 -.50 n.s. a
IQ estimation (mean, SD) 11.7 ±2.39 12.4 ±2.39 -.81 n.s. a
Gender (men, women) 9, 5 5, 10 2.8 n.s. b
Handedness (left, right) 14, 0 13, 2 2.0 n.s. b
ADHD self-report (mean, SD) 2.21 ±2.05 11.5 ±2.92 -9.9 p <.001 a
aT-test, accepted level of significance p < .05
bX2-test, accepted level of significance p < .05 
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Experimental procedure
Subjects performed a cued visuospatial covert attention task. Each trial started with a .6 s base-
line period with no visual stimulation apart from a fixation cross presented at the center of the 
screen (see Figure 3.1, chapter 3). In 5/6 of the trials, the start of the trial was marked by central 
presentation of a spatial cue, an arrow, flanked on both sides by a random-dot-kinematogram 
(RDK). In 1/6 of the trials there would be no spatial cue. Presentation of the cue ended after .2 
s, while the RDKs stayed on screen. After a jittered preparation interval ranging from 0.6 to 1.1 
s, in one of the RDKs 50% of the dots would coherently move horizontally (leftward or right-
ward) for .3 s. In 80% of the trials this would be the cued RDK (‘valid cue trials’), in 20% of the 
trials the opposite RDK (‘invalid cue trials’). At the same time, the dots in the other RDK would 
move in vertical direction (upwards or downwards) for the same amount of time. Subjects were 
instructed to detect the direction of the horizontal movement and respond as quickly as possible 
by a left (for leftward movement) or right button (for leftward movement) using the index and 
middle finger of their dominant hand. After each trial, feedback was given on accuracy. Subjects 
were instructed to move their heads as little as possible during the experiment. All conditions 
were presented randomly and interleaved. Subjects completed 864 trials. Total task duration 
was approximately 45 minutes. For more details we refer to chapter 3 (ter Huurne et al., 2013).
MEG data acquisition and analysis
Continuous whole-brain activity was recorded using a 275-channel whole-head MEG system 
with axial gradiometers (CTF MEG systems, VSM MedTech Ltd., Vancouver, Canada). A 300 
Hz low-pass filter was applied after which the data were sampled at 1200 Hz. Head position 
was monitored using markers for both ear canals and on the nasion (Stolk et al., 2013). The 
electrooculogram (EOG) was recorded from electrodes placed on each lateral canthus of the 
eyes and from electrodes placed above and below the left eye. 
Offline analysis of the MEG recordings was done using Matlab 7.5.0 and the Fieldtrip soft-
ware package (http:/www.ru.nl/fcdonders/fieldtrip/). Data was low-pass filtered at 150 Hz and 
down-sampled to 600 Hz. To improve the topographic interpretation the MEG signals were 
converted from axial gradiometers to planar gradients, which situates the strongest field above 
the neural source (Bastiaansen and Knosche, 2000). Semi-automatic artefact rejection was 
used to remove trails containing eye movements, SQUID jumps, and muscle activity. Trials with 
sustained shifts in horizontal EOG of more than 50 µV from baseline were rejected. Indepen-
dent component analysis (ICA) was used to identify data components that were correlated to 
the vertical EOG signals and later projected out to remove any eye movements not rejected by 
the visual artefact rejection.
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Sensor-level analysis was carried out on the MEG data to identify modulation of alpha power 
by allocation of visuospatial attention to the left and right visual hemifield. Valid and invalid cue 
trials were collapsed because the time segment of interest, the preparation interval, is before 
target presentation. For a range of 5 to 30 Hz, a time-frequency analysis was performed using 
a fast Fourier transformation approach. The Fourier transforms were calculated according to 
a 500 ms sliding time window multiplied with a Hanning taper, moving across the data in 50 ms 
steps. The length of the window (and taper) decreases with frequency ΔT= 5/f (e.g. ΔT= 500 ms 
for f= 10 Hz). Collapsing the data of the .35 s to .8 s time segment (with respect to cue-onset), 
alpha modulation indices (AMIs) were calculated for each condition separately, normalizing the 
data; α refers to alpha power (f = 9-12 Hz):
𝐴𝐴𝐴𝐴𝐴𝐴$%&'	)*% = 	
𝛼𝛼$%&'	)*%
𝛼𝛼$%&'	)*% + 𝛼𝛼./01'	)*%
 Eq. 5.1
𝐴𝐴𝐴𝐴𝐴𝐴$%&'(	*+, = 	
𝛼𝛼$%&'(	*+,
𝛼𝛼/,0(	*+, + 𝛼𝛼$%&'(	*+,
 Eq. 5.2
To test which clusters of sensors showed significant alpha modulation, using the data of all 
subjects (n=29), a cluster-based permutation approach was applied contrasting AMI
Left cue
 and 
AMI
Right cue
. This approach effectively controls for multiple comparisons over sensors (Maris and 
Oostenveld, 2007). As expected, the analysis revealed two clusters of sensors, one in each hemi-
sphere, with opposite signs. The homologue sensors of both clusters were determined as the 
regions of interest (ROIs; see Figure 5.1A). Averaging the data of the sensors within each ROI, 
total alpha modulation index (AMI) was then calculated for each individual following the formula:
𝐴𝐴𝐴𝐴𝐴𝐴 = %𝐴𝐴𝐴𝐴𝐴𝐴&'()	+,' − 𝐴𝐴𝐴𝐴𝐴𝐴./01)	+,'2&'()	.34 − %𝐴𝐴𝐴𝐴𝐴𝐴&'()	+,' − 𝐴𝐴𝐴𝐴𝐴𝐴./01)	+,'2./01)	.34 Eq. 5.3
MRI data acquisition and analysis
Structural MRI scanning was performed using a 1.5 Tesla MR scanner (Avanto Siemens, Munich, 
Germany) covering the entire brain with a voxel size of 1.0 X 1.0 X 1.0 mm. Whole brain seg-
mentation of gray matter, white matter and cerebral fluid was done using the VBM 5.1 toolbox 
in SPM5. To estimate individual basal ganglia volume, for each subject automatic segmentation 
of the bilateral caudate nucleus, globus pallidus and putamen was performed using FSL-FIRST. 
Total basal ganglia volume was calculated by addition of these volumes. For further analyses all 
volumes were adjusted for brain size by dividing the total basal ganglia volume by the individual 
total brain volume without cerebral fluid (Geuze et al., 2005, O’Brien et al., 2011). 
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5.3 RESULTS
There were no statistically significant differences in demographic and clinical variables between 
the two groups, other than higher scores on the ADHD self-report questionnaire in the ADHD 
group (see Table I). The total number of trials after the rejection procedure did not significantly 
differ between the groups either (control: 609 ± 105 [mean, SD]; ADHD: 632 ± 73.1; p = .49; 
independent samples t-test). As expected, the ADHD patients were shown to have smaller basal 
ganglia volumes than the controls, although this difference did not reach significance (control: 
.0203 ± .0011; ADHD: .0196 ± .0013; p = = .12; independent samples t-test). The present study 
did not focus on analysing behavioural effects, as these results were reported in (ter Huurne 
et al., 2013). In short, the analyses showed that performance of the control group benefitted 
significantly from cuing (cuing effect, valid versus invalid cuing) with respect to accuracy and 
reaction times. In contrast, the ADHD group showed diminished effects of cuing. Importantly, in 
controls the individual cuing effects were shown to be highly dependent on the individual degree 
of posterior alpha lateralization in the period prior to target presentation. The ADHD group did 
not show such correlations. For more details we refer to elsewhere (ter Huurne et al., 2013). 
Alpha modulation by allocating visuospatial attention
As expected, subjects showed robust modulation of alpha power according to attended visual 
hemifield while preparing for the upcoming target. Collapsing controls and ADHD subjects, 
cluster based permutation tests revealed two clusters of sensors with statistically significant 
(p < .05) difference in AMI between the left and the right cue condition (Eq 5.1 and Eq. 5.2; see 
Figure 5.1A). The clusters were both located over posterior regions, one in each hemisphere 
with opposite signs. This shows that alpha was relatively higher in the ipsilateral hemisphere 
than in the contralateral hemisphere with respect to the cued visual hemifield. The homologue 
sensors of the two clusters were defined as the left and right ROI and later used to calculate 
the AMI (Eq. 5.3). Figure 5.1B shows topographic representations and corresponding TFRs of 
modulation indices (left versus right attention) for both groups separately. 
Correlations between alpha modulation and basal ganglia volume
To test our main hypothesis, statistical analyses were done on the MEG and sMRI data. An 
ANOVA was conducted with the AMI (Eq. 5.3) as the dependent variable, and a within subject 
factor basal ganglia volume and a between subject factor group (control and ADHD). The analyses 
revealed a main effect of basal ganglia volume (F
1,25
 = 6.47; p = .018). The analyses did not show 
a significant basal ganglia volume x group interaction (F
1,25
 = .132; p = .72). This means that basal 
ganglia volumes were associated with AMI, independent of being in the ADHD or control group. 
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Figure 5.1 (A) Topographic representation of mean alpha power of all subjects, contrasting the left and 
right cue conditions. Cluster based permutation tests revealed two clusters of sensors with statistically 
relevant (p < .05) alpha modulation (crosses). White crosses depict the homologue sensors that were 
selected as regions of interest (ROIs). (B) Topographic and time-frequency representations of mean mod-
ulation index for both groups separately, contrasting the left and right cue condition. Black dots depict the 
sensors of the left and right ROIs; the TFRs show the mean of those sensors. Both groups show robust 
alpha modulation, with a similar frequency range, time course and topographic distribution.
96
Chapter 5
1.8 2.0 2.2
Basal Ganglia Volume [%]
1.9 2.1 2.31.7
0
-0.05
0.05
0.1
0.15
0.2
A
lp
ha
 M
od
ul
at
io
n 
In
de
x
Control
ADHD
Figure 5.2 Individual alpha modulation index (AMI) plotted in relation to the individual total relative 
basal ganglia volume (percentage of total brain volume). There is a significant positive correlation (rs 
= .45; p = .014). Note that data-points are evenly distributed over the control (dark grey) and ADHD 
(light grey) group.
Analysis reveals a significant positive correlation (rs = .45; p = .014; Spearmans rho) between the 
AMI and the volume of the basal ganglia (see Figure 5.2), showing that relatively larger basal 
ganglia volumes are associated with relatively stronger attentional alpha power modulation. 
To explore which factors drive our main results post hoc analyses were done. Separating the data 
by group, analyses showed a significant correlation between AMI and basal ganglia volume for 
the control group (rs = .57; p = .034), but not for the ADHD group (rs = .35; p = .20). Analyses on 
the basal ganglia substructure volumes separately (control group and ADHD group combined) 
showed significant correlations between AMI and the volumes of the caudate nucleus (rs = .41; 
p = .025) and the globus pallidus (rs = .47; p = .010); correlations between AMI and putamen 
volume was just not significant (rs = .32; p = .095). The main result was not likely to be driven 
by total brain size as there was no correlation between AMI and individual total brain volume 
(rs = -.13; p = .50).
In sum, we conclude that the modulation of posterior cortical alpha oscillations by allocation of 
attention is associated with the volume of the basal ganglia. These effects were dominated by 
the control group. 
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5.4 DISCUSSION
In the present study we explored a putative relationship between basal ganglia volume and the 
ability to modulate cortical alpha oscillatory activity by directing selective visual attention, in 
both healthy individuals and ADHD patients. To this end we combined and re-analyzed existing 
MEG and structural MRI data of a group of healthy individuals and individuals diagnosed with 
ADHD. The MEG data was used to quantify oscillatory activity modulated by allocating visu-
ospatial selective attention, and the structural MRI data to quantify basal ganglia and whole 
brain volumetric information.
We found robust alpha modulation in posterior regions obtained by combining left- and right-
ward directed visual attention; i.e. this measure quantifies the ability to modulate posterior 
alpha rather than hemispheric lateralization abilities. The degree of this attention related 
alpha modulation was found to be associated with the volume of the basal ganglia of the 
individual, with relatively larger basal ganglia volumes being related to stronger attentional 
alpha modulation. This basal ganglia volume effect was similar in healthy controls and patients 
with ADHD.
These findings suggest that the basal ganglia have a role in the top-down control of cortical 
alpha oscillations. We propose that they are part of a functional network of brain regions 
orchestrating the distribution of alpha oscillations between and within the sensory cortices, 
regulating streams of information by functional inhibition. Up to date, besides the basal 
ganglia, there is evidence for the frontal cortex (FEF), the IPS and the thalamus being part 
of this network (Capotosto et al., 2012, Hughes and Crunelli, 2005, Marshall et al., 2015b, 
Popov et al., 2017, Saalmann et al., 2012). The basal ganglia are argued to be especially 
involved in cognitive control by switching and shifting attention (van Schouwenburg et al., 
2010) and could be responsible for mediating shifts of alpha power within and between 
sensory cortices.
The finding that relatively smaller basal ganglia are associated with weaker attentional 
alpha modulation corroborates the idea that atypical morphology and dysfunction of the 
basal ganglia is part of the ADHD pathology. However, some caution should be taken draw-
ing definite conclusions on implications for ADHD. Firstly, we were not able to replicate 
findings on smaller basal ganglia volumes in patients with ADHD (Hoogman et al., 2017). 
Secondly, although we did not find significant differences between the groups, associa-
tions between basal ganglia volume and alpha modulation were dominated by effects in the 
control group. Both results could be related to relatively small sample size. We propose to 
investigate larger sample sizes in future work, also to be able to address possible differences 
between the basal ganglia substructures in predicting alpha modulation. Theoretically, the 
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substructures could contribute differently to the effect as they are associated with differ-
ent functionalities. Furthermore, there is evidence that reduced volumes of some basal 
ganglia substructures (e.g. putamen and caudate) are more associated to ADHD than others 
(Hoogman et al., 2017). 
To our knowledge, the present study is the first to show an association between structural 
aspects of the basal ganglia and functional modulation of cortical alpha-band oscillations. As 
the individual degree of alpha modulation was shown to predict behavioural task performance 
as previously reported in chapter 3 (ter Huurne et al., 2013), this nicely provides a link between 
brain structure, brain function and behaviour. Furthermore, the present study suggests a model 
of the ADHD pathophysiology with a role for reduced abilities of adequately orchestrating alpha 
oscillations, possibly reflecting reduced basal ganglia function.
Future studies should focus on gaining further insight in links between brain structure and 
brain function in processes like attention, especially in patient groups. This might eventually 
lead to a greater understanding of the biological mechanisms underlying ADHD and improving 
its treatment. 
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CHAPTER 6 
DOPAMINE AND SELECTIVE ATTENTION: 
METHYLPHENIDATE ALTERS SELECTIVE 
ATTENTION BY AMPLIFYING SALIENCE
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ABSTRACT
Methylphenidate, the most common treatment of attention deficit hyperactivity disorder 
(ADHD), is increasingly used by healthy individuals as a ‘smart drug’ to enhance cognitive abilities 
like attention. A key feature of (selective) attention is the ability to ignore irrelevant but salient 
information in the environment (distractors). Although crucial for cognitive performance, until 
now it is not known how the use of methylphenidate affects resistance to attentional capture 
by distractors. The present study aims to clarify how methylphenidate affects distractor sup-
pression in healthy individuals. The effect of methylphenidate (20 mg) on distractor suppression 
was assessed in healthy subjects (n = 20), in a within-subject double-blind placebo-controlled 
cross-over design. We used a visuo-spatial attention task with target faces flanked by strong 
(faces) or weak distractors (scrambled faces). Methylphenidate increased accuracy on trials that 
required gender identification of target face stimuli (methylphenidate 88.9 ± 1.4 [mean ± SEM], 
placebo 86.0 ± 1.2 %; p = .003), suggesting increased processing of the faces. At the same time, 
however, methylphenidate increased reaction time when the target face was flanked by a face 
distractor relative to a scrambled face distractor (methylphenidate 34.9 ± 3.73, placebo 26.7 ± 
2.84 ms; p = .027), suggesting enhanced attentional capture by distractors with task-relevant 
features. We conclude that methylphenidate amplifies salience of task-relevant information at 
the level of the stimulus category. This leads to enhanced processing of the target (faces), but 
also increased attentional capture by distractors drawn from the same category as the target.
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6.1 INTRODUCTION
Methylphenidate, a dopamine and noradrenaline transporter blocker is the most commonly 
used pharmacological treatment of attention deficit hyperactivity disorder (ADHD). A new 
trend has developed for healthy individuals to use the drug as a ‘smart drug’ to increase their 
cognitive abilities for academic gain. This trend has instigated a world-wide debate on whether 
it is safe to use methylphenidate as a non-prescribed drug, and to what extent cognition really 
is enhanced by methylphenidate (Advokat and Scheithauer, 2013, Greely et al., 2008, Smith 
and Farah, 2011).
Methylphenidate is known to reduce symptoms of inattentiveness, impulsivity and hyperactiv-
ity in patients with ADHD (Faraone and Buitelaar, 2010, Wilens, 2008), and cognitive abilities 
may be improved in these patients (Pietrzak et al., 2006). Although there is evidence that these 
effects of methylphenidate on cognition extend to healthy individuals (Agay et al., 2014, Clat-
worthy et al., 2009, del Campo et al., 2013, Elliott et al., 1997, Koelega, 1993, Mehta et al., 2000), 
results are variable (Linssen et al., 2014, van der Schaaf et al., 2013). Improved working memory 
(Clatworthy et al., 2009, Elliott et al., 1997, Mehta et al., 2000) and enhanced sustained atten-
tion (Agay et al., 2014, del Campo et al., 2013, Faraone and Buitelaar, 2010, Koelega, 1993) are 
most consistently reported. Interestingly, studies on attentional control suggest that methyl-
phenidate facilitates shifts of attention between stimulus dimensions (Rogers et al., 1999) and 
enhances attentional capture by unexpected irrelevant stimuli (Pauls et al., 2012). However, it is 
unknown how methylphenidate affects selective attention and the ability to suppress attentional 
capture by environmental distractors. 
Two key and related properties of the attentional system are a limited capacity to process 
information and the need to filter out unwanted information, i.e., to pay attention selectively. 
Selective attention is thought to depend on the ability to bias processing of environmental 
features competing for computational resources (Desimone and Duncan, 1995, Keysers and 
Perrett, 2002, Posner and Petersen, 1990). A necessary prerequisite for selective attention is 
the existence of a demarcation between relevant and irrelevant information. 
Dopamine has been argued to be critical in supporting this goal-directed behavior. Specif-
ically, dopamine availability in the frontal cortex (PFC) and basal ganglia can bias cortical 
processing, thereby enhancing processing of task-relevant information and inhibiting the 
processing of task-irrelevant information (Baier et al., 2010, Frank, 2011, van Schouwen-
burg et al., 2010). 
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A separate line of research has found that methylphenidate may increase the response to sali-
ent information (Volkow et al., 2004). As a dopamine transporter blocker, methylphenidate is 
thought to amplify attentional capture (salience) by increasing dopamine availability (Redgrave 
et al., 1999, Volkow et al., 2002). An increased response to task-relevant information can be 
beneficial to an individual. For example, when searching for a particular object it is often adaptive 
if this feature “pops out” from the environment to grab our attention. However, this increased 
response could also lead to increased competition from environmental information that has the 
same features as the target, but is actually irrelevant for the current task. Indeed, it is known that 
salient distractors can compete and interfere with the processing of the task-relevant informa-
tion (Kim and Cave, 1999, Lamy et al., 2003). 
The present study aimed to assess whether methylphenidate enhances or impairs the ability 
to suppress distractors in healthy individuals. To this end, a within-subject double-blind place-
bo-controlled cross-over study was employed. We used a cued visuo-spatial covert attention 
paradigm with targets (faces) presented together either with strong distractors (also faces) or 
weak distractors (scrambled faces). Eyetracking was used to ensure central fixation. 
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6.2 METHODS AND MATERIALS
Subjects
A total of 24 healthy adults participated in this experiment, which followed 3 other experiments 
as part of a larger protocol (data to be published elsewhere; (van der Schaaf et al., 2013), Fallon 
and Cools, in preparation). The study was approved by the local medical-ethical committee 
(committee for protection of human subjects of the Arnhem/Nijmegen region; CMO proto-
col number 2010/283) and was performed according to the declaration of Helsinki. Written 
informed consent was obtained from all participants prior to study entry.
Four subjects were not included in the final analyses for reasons described below. The remain-
ing subjects (N = 20; mean age: 21.6 years; age range: 19.0 – 28.4 years) included 12 women 
and 8 men, and were all right handed. Exclusion criteria were any psychiatric or neurologic 
disorder, the use of prescribed medication (other than contraceptive medication) within the 
last month, the use of recreational drugs within 2 weeks of testing and habitual smoking (> 
cigarettes per week). Before participation all subjects were screened by a medical doctor, which 
included administration of the Mini-International Neuropsychiatric Interview (M.I.N.I) to rule 
out the presence of axis-I psychiatric disorders (Sheehan et al., 1998). In addition, inattentive and 
hyperactivity/impulsivity symptoms of ADHD were assessed with an ADHD DSM-IV self-report 
questionnaire (DuPaul G, 1998). 
Experimental procedure
We used a within-subject double-blind placebo-controlled cross-over design. After an intake 
session on a separate day, subjects were tested after administration of placebo or methylphe-
nidate (Ritalin®; oral dose) 20 mg, on two different sessions separated by at least a week. All 
subjects abstained from smoking and caffeine consumption on the day of testing, and alcohol 
and over-the-counter medication 24 h before testing. They were instructed to have a light 
breakfast one hour before arrival, similar in both sessions. The order of drug administration was 
randomized and double-blind with ten participants receiving methylphenidate and ten partici-
pants receiving placebo on the first session. Randomization was done by an external researcher, 
applying stratified randomisation to ensure that gender and order of drug administration was 
counterbalanced across the sample. The current study was performed approximately 3 hours 
after drug intake and lasted approximately 20 minutes. With a Tmax of approximately 2 hours and 
a mean duration of effect of 4 to 5 hours, testing was done well within the effective window of 
Ritalin® (Swanson et al., 2003).
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Stimuli
As it has been shown that simultaneous presentation of multiple faces induces competition of 
processing (interference) (Jacques and Rossion, 2004), faces were used as target and distractor 
stimuli. To be able to control for general drug effects (e.g. changes in motor speed, vigilance or 
impulsivity), we compared the interference generated by face distractors to that generated by 
distractors without target features, scrambled face distractors. A set of colored pictures of emo-
tionally neutral faces, without glasses, facial hair and make-up were adapted from the Radboud 
Faces Database (Langner et al., 2010). We used 10 male and 10 female faces for targets. For 
the face distractors, 10 sex-neutral faces were used, which were made by morphing a picture 
of a man and a women (for an example see Figure 6.1). For the scrambled face distractors, we 
adapted the 10 pictures of the sex-neutral faces by scrambling them beyond recognition. All 
stimuli covered 9.1˚ × 10.8˚ (width × length), centered 6.8˚ horizontally from and 3.1˚ below 
the fixation cross. We used the software Presentation 14.9 (NeuroBehavioral Systems, Inc) for 
presenting the stimuli.
Experimental paradigm
The outline of the trials is displayed in Figure 6.1. Each trial consisted of a 0.4-s baseline period 
with a fixation cross presented at the center of the screen. Subsequently an arrow was pre-
sented for 0.1 s overlapping the fixation cross, pointing to either the left or the right (spatial cue). 
The subjects were instructed to covertly attend to the cued hemifield, so without directing their 
gaze at the cued hemifield. After a preparation period of 1 to 1.5 s (jittered) consisting of a blank 
screen with the fixation cross in the center, the target was presented for 0.75 s in the cued visual 
hemifield. Simultaneously a distractor was presented in the opposite visual hemifield. Subjects 
were instructed to identify the sex of the target face and respond as accurately and quickly as 
possible by pressing a button (male or female). No feedback was given on the correctness of 
the response. Trial-length depended on response time; when response time exceeded 1.4 s the 
trial was aborted. The experiment consisted of 448 trials in total. Blocks of 8 subsequent trials 
with the same cue direction were presented alternately. Face distractor trials and scrambled 
face distractor trials were balanced but randomly presented. Each trial lasted 1.575 to 2.075 s 
without response time and a session lasted approximately 20 min. On the day of intake subjects 
participated in a practice session of 32 trials, lasting approximately 2 min per subject. To ensure 
central fixation during trials, subjects were seated in front of a Tobii 1750 eye-tracker screen 
with a distance of 50 cm from eyes to screen. Subjects were instructed to move their heads as 
little as possible. 
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Figure 6.1 Schematic representation of the paradigm. After a baseline period attention was cued to 
the left or right visual hemifield. After a jittered preparation interval, the target, a face, would be pre-
sented in the cued hemifield. Subjects were instructed to identify the sex of the face and respond with a 
button-press. The target would be flanked by either a face or a scrambled face distractor in the opposite 
visual hemifield. The red square depicts an example of a face distractor trial, the blue square an example 
of a scrambled face distractor trial.
Data Analysis
Due to a technical error during data acquisition behavioral recordings of one subject were 
missing and this subject was excluded from further analyses. Each individual trial was visually 
inspected for cue-directed eye-movements and saccades by evaluating horizontal center of 
gaze positions, as measured by a Tobii 1750 eye-tracker. Trials with horizontal gaze shifts larger 
than 1.25˚ from the fixation cross were discarded from analysis (Laubrock et al., 2005). Two 
subjects were excluded because more than half of the trials had to be rejected for this reason 
in at least one session. No effect of drug was seen on the ability to sustain fixation, as there 
was no significant difference in total number of trials between the two sessions after exclusion 
(methylphenidate: 444 ± 1.36 [mean ± SEM]; and placebo: 434 ± 5.01; p = .065, paired samples 
T-test). Performance was determined by calculating the overall accuracy (fraction of trials with 
correct responses) for each session. One subject was excluded from further analyses because 
performance was at chance level (cut off: < 60 %). For the remaining 20 subjects, accuracy and 
mean reaction times over trials with correct responses were calculated for each separate condi-
tion. We collapsed the data with respect to distractor side. Differences between the conditions 
with respect to accuracy and mean reaction times were statistically tested (SPSS 19, Chicago, 
IL) using repeated measures ANOVAs with within subject factors drug (2 levels: placebo and 
methylphenidate) and distractor-type (2 levels: face and scrambled face). Significant interac-
tions were further analyzed using simple effects analyses. We will refer to the difference in 
performance between the face and scrambled face distractor condition (face distractor minus 
scrambled face distractor) as distractor costs. 
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6.3 RESULTS
As expected, performance on gender identification of the target face was generally worsened 
by simultaneous presentation of the face distractor compared with the scrambled face distrac-
tor in both methylphenidate as placebo sessions. There was a main effect of distractor-type in 
accuracy (F
1,19
 = 45.0; p < .0001) and in mean reaction time (F
1,19
 = 118.2; p < .0001). In both the 
methylphenidate and the placebo session accuracy was lower in the face distractor condition 
compared with the scrambled face distractor condition (methylphenidate: resp. 86.9 ± 1.6 and 
90.8 ± 1.2 %; placebo: resp. 84.0 ± 1.2 and 88.0 ± 1.4 %; both p < .01; see Figure 6.2A) and mean 
reaction times were longer (methylphenidate: resp. 638 ± 14.3 and 603 ± 13.1 ms; placebo: 
635 ± 14.8 and 608 ± 13.8 ms; both p < .0001; see Figure 6.2B). This pattern of diminished 
performance indicates that presentation of the face distractor interfered more with processing 
of the presented target than did the scrambled face distractor. 
With respect to accuracy, there was a main effect of drug (F
1,19
 = 11.2; p = .003). Subjects were 
generally more accurate in identifying the gender of the targets in the methylphenidate con-
dition than in the placebo condition (resp.: 88.9 ± 1.4 and 86.0 ± 1.2 %; see Figure 6.2C). For 
accuracy, there were no significant interactions (F
1,19
 = 0.013; p = .91). 
With respect to reaction times, there were no significant main effects, but there was a significant 
drug × distractor-type interaction (F
1,19
 = 5.71; p = .027; see Figure 6.2B). The effect was due to 
the fact that the reaction time distractor costs (face distractor minus scrambled face distractor) 
were significantly higher in the methylphenidate condition than for the placebo condition (resp.: 
34.9 ± 3.73 and 26.7 ± 2.84 ms; see Figure 6.2D). No significant drug effects were found on the 
individual conditions (face distractor: p = .81; scrambled face distractor: p = .59). 
Thus methylphenidate increased accuracy of identifying the features of target faces (gender), 
indicating enhanced processing of target stimuli. Simultaneously, methylphenidate elongated 
reaction times in trials with face distractors relative to trials with scrambled face distractors, in 
other words increased reaction time distractor costs. 
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Figure 6.2 Main results. (A) Mean accuracy for the methylphenidate and placebo sessions. In both ses-
sions accuracy was significantly lower in the face distractor condition than the scrambled face distractor 
condition, indicating stronger interference. (B) Mean reaction times. Reaction times were significantly 
longer for face distractor condition than the scrambled face distractor condition, again indicating stronger 
interference. Additionally, there was a drug by distractor-type interaction. (C) Accuracy was generally 
increased by methylphenidate. (D) The drug by distractor-type interaction was explained by significantly 
higher reaction time distractor costs (face minus scrambled face distractor condition) in the methylpheni-
date condition. MPH: methylphenidate, error bars denote ± standard error of the mean, * p < .05, ** p < .01.
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6.4 DISCUSSION
In the present study we investigated the effect of methylphenidate on the ability to ignore 
(salient) distractors. We employed a double blind cross-over design, using a visuo-spatial gender 
identification task with lateral distractors with and without target relevant features. As expected, 
in both drug conditions we found that task performance (in terms of accuracy and reaction time) 
was impaired more by distractors with target relevant features (faces) than distractors without 
target relevant features (scrambled faces). This is referred to as distractor costs. In addition, we 
found two effects of drug: (1) subjects were generally more accurate in identifying the features 
of face stimuli after administration of methylphenidate, and (2) methylphenidate increased the 
distractor costs, in terms of reaction times (not in terms of accuracy).
It might seem paradoxical that a drug used to treat attentional problems in ADHD, besides 
generally boosting accuracy, also increased reaction time distractor costs. Below we discuss 
possible explanations of these results.
An apparent explanation would be that methylphenidate amplified processing of objects from 
the target category (faces), irrespective of being a target face or a non-target face. Increased 
processing of the target category may enhance the general ability to distinguish target features. 
At the same time, salience of non-target faces is amplified, making them harder to ignore and 
increasing interference by them, leading to relatively increased reaction times. 
The effects of methylphenidate on attentional processes are most commonly attributed to 
altered catecholamine (dopamine and norepinephrine) availability in both PFC and basal gan-
glia. The PFC has been shown to be important for supporting goal-oriented behavior such as 
focusing on certain aspects of the environment (Hampshire and Owen, 2006, Sreenivasan et 
al., 2014). This ability to form and maintain attentional biases towards task-relevant features in 
the environment, and separating relevant from irrelevant ones, is referred to as set formation 
(Demakis, 2003). It has become clear that PFC dopamine levels are crucially involved in this 
(Crofts et al., 2001, Fallon et al., 2013, Roberts et al., 1994). Importantly, the (dorsolateral) PFC 
is shown to code for environmental information in a categorical way, not a stimulus specific way 
(Dias et al., 1996, Sreenivasan et al., 2014). Moreover, in a target detection task dorsal PFC 
responded equally to presentation of targets and non-targets drawn from the same category 
(Hampshire et al., 2007). When applied to the present study, methylphenidate, acting at the level 
of the PFC (Jan et al., 2014), could lead to enhanced processing of the target category: faces. 
However, this enhanced processing comes at the relative expense of stimulus-specific spatial 
relevance of the face. 
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The possibility of such categorical responses in the PFC necessitates that there is some mech-
anism to “gate” irrelevant information in the PFC. The basal ganglia have been argued to have a 
prominent role in “gating” irrelevant information (in this case, the face in the non-cued hemifield) 
from impacting on prefrontal representations (Baier et al., 2010, Gruber et al., 2006). This gating 
has been argued to be dopamine-dependent (Frank and O’Reilly, 2006). High levels of dopamine 
would be associated with opening gates to salient information, irrespective of being target or 
salient distractor (Moustafa et al., 2008, van Schouwenburg et al., 2013). In the present study, 
by elevating dopamine availability in the basal ganglia, methylphenidate might have allowed 
the categorically salient but irrelevant face representation into the PFC. This would lead to 
increased interference and relatively prolonged reaction times. 
An alternative explanation of the results relates to the notion that methylphenidate would reduce 
impulsivity not only in ADHD, but also in healthy individuals. Decreased impulsive responding 
would lead to increased accuracy and a trade off in reaction times. Turner et al. emphasized 
changes in speed-accuracy adjustments after psychostimulants (modafinil) in healthy adults 
(Turner et al., 2003). However, at least in the present study this explanation is less likely, as we 
found a drug x distractor type interaction, and not a main effect of drug on reaction time.
Finally, the effects of methylphenidate could be different between healthy individuals and 
patients with ADHD. At least in working memory studies, optimal dopamine levels are 
shown to follow an “inverted-U” shaped dose-response curve, so that too little or too much 
dopaminergic activity has detrimental effects on performance (for a review see (Cools and 
Robbins, 2004)). As there is evidence that baseline dopamine levels could be higher in healthy 
individuals than in ADHD-patients (Volkow et al., 2007), in healthy individuals the use of meth-
ylphenidate could increase dopamine availability to levels that can be supra-optimal at least 
in certain instances. 
The present findings suggest that methylphenidate may not have the uniform cognitive enhanc-
ing effect it is generally presumed to have. The beneficial effects on attention towards the target 
in terms of accuracy came at the relative expense of a slowing in reaction time when distractors 
had target-like features. As such, the data provided here could be taken as evidence for the view 
that methylphenidate increases distractibility. However, it is likely that the effects observed 
here only occurred because the distracting information was drawn from the target category. 
A follow-up experiment should address whether the increase in salience by methylphenidate 
specifically applies to objects with task-relevant features (within-category), or whether it also 
applies to salient stimuli of a different category than the target. 
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A minor limitation of the present study is that although testing was timed well within the theo-
retical effective window of MPH, this was not established by measuring individual MPH blood 
levels. However, peripheral measurements of MPH levels are not indicative necessarily of cen-
tral levels in the brain or effectiveness of the drug.
Taken together, we conclude that methylphenidate does not have an overall enhancing effect on 
attention. We hypothesize that methylphenidate enhances specific cognitive processing that can 
be advantageous, but in some cases also disadvantageous, depending on the task at hand. In the 
light of the dramatic increase in illicit use of methylphenidate, this finding might have implica-
tions for policy making about the use of smart drugs. Furthermore, it may also have implications 
for the treatment of patients with ADHD, since clinicians may be primed to assess attentional 
effects of methylphenidate more extensively. 
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SUMMARY AND GENERAL DISCUSSION
Attention deficit hyperactivity disorder is behaviorally classified by having problems regulating 
attention (inattentiveness) and problems regulating motor actions (impulsivity and hyperac-
tivity. The underlying pathophysiology of ADHD is far from clear, and is characterized by a 
heterogeneous pattern of structural and functional brain abnormalities (Faraone et al., 2015), 
but theories on electrophysiological contributions are relatively underdeveloped. The alpha 
inhibition theory states that top-down controlled alpha band oscillatory neuronal activity plays 
a crucial role in inhibiting activity of task irrelevant functional areas (Foxe and Snyder, 2011, 
Hanslmayr et al., 2011, Jensen and Mazaheri, 2010, Klimesch et al., 2007). As alpha band activity 
is strongly related to both sensory and motor areas (mu rhythm), aberrant alpha band modula-
tion could contribute to both inattentiveness and impulsivity/hyperactivity in ADHD. The main 
goal of the current thesis was to characterize a putative role of alpha band oscillations in neural 
mechanisms underlying ADHD.
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7.1 SUMMARY OF FINDINGS
In chapter 2 I explored the functional role of alpha oscillations in healthy individuals. MEG meas-
urements were acquired in healthy participants performing a Sternberg memory task using 
faces as stimuli. I found that alpha activity over posterior regions increased parametrically with 
memory load. The source of the memory dependent alpha activity was shown to be located in 
the vicinity of the parieto-occipital sulcus. This is where the alpha activity that is modulated by 
opening and closing of the eyes is classically measured. These findings are consistent with the 
alpha inhibition theory, contradicting the notion that alpha activity reflects passive cortical idling.
In chapter 3 I investigated attentional modulation of alpha oscillations and behavioral effects 
in ADHD. In participants diagnosed with ADHD and a healthy control group MEG signals were 
recorded while they performed a visuo-spatial attention task. Cues directed attention to the 
left or right visual hemifield with an 80% validity with respect to the upcoming target. Unlike 
the control group, subjects with ADHD showed a higher accuracy for invalidly cued right tar-
gets compared to invalidly cued left targets. This rightward attention bias coincided with an 
inability of the ADHD subjects to sustain the posterior hemispheric alpha lateralization in the 
period prior to the target for the left cue condition. Furthermore, the control group showed a 
strong correlation between the degree of alpha lateralization and the magnitude of the cueing 
effect assessed in terms of accuracy and reaction times, whereas this correlation was absent in 
the ADHD group. These results suggest that subjects with ADHD have a failure in sustaining 
hemispheric alpha lateralization when cued to the left, resulting in an attentional bias to the right 
visual hemifield. Overall, this indicates that aberrant modulations of alpha oscillations reflect 
attention problems in ADHD.
In chapter 4 I explored modulation of sensorimotor alpha band oscillations (mu) by motor plan-
ning in ADHD. Using the same dataset as used in chapter 3, we analyzed midline mu activity in 
the period of anticipating and planning a motor action followed by a target with unpredictable 
timing in an ADHD and a healthy group. I showed that when preparing a motor response, the 
ADHD group failed to increase hemispheric mu lateralization with relatively higher mu power 
in sensorimotor regions not engaged in the task, as the controls did. In addition, I found that the 
ADHD group pre-response mu lateralization not only correlated positively with accuracy and 
negatively with intra-individual reaction time variability, but also correlated negatively with the 
score on an ADHD-rating scale. The results suggest that ADHD symptomatology is associated 
with an inability to sufficiently inhibit task-irrelevant sensorimotor areas by means of mu oscil-
latory activity and could (partly) explain disruptive motor-activity in ADHD.
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In chapter 5 I explored the relation between basal ganglia structure and modulation of alpha 
oscillations in ADHD. The posterior alpha modulation data from the study described in chapter 3 
was combined with existing volumetric data of the basal ganglia of the same participants. I found 
that proportional basal ganglia volume is predictive of attention related posterior alpha modu-
lation, with larger basal ganglia volume being related to stronger alpha modulation. The results 
did not show differences between healthy subjects and patients with ADHD. This suggests that 
the basal ganglia play a role in attention related top-down control of posterior alpha activity. 
In chapter 6 I explored the effect of methylphenidate (a dopamine and noradrenalin transmis-
sion enhancer) on selective attention in healthy individuals. In a within-subject double-blind 
placebo-controlled cross-over design the behavioral effect of a single dose of methylphenidate 
on distractor suppression was assessed. We used a visuo-spatial attention task with target faces 
flanked by strong (faces) or weak distractors (scrambled faces). I found that methylphenidate 
increased accuracy on trials that required gender identification of target face stimuli, suggest-
ing increased processing of the faces. At the same time, however, methylphenidate increased 
reaction time when the target face was flanked by a face distractor relative to a scrambled face 
distractor, suggesting enhanced attentional capture by distractors with task-relevant features. 
This suggests that dopamine and/or noradrenalin availability effects salience of task-relevant 
information at the level of the stimulus category.
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7.2 ALPHA MODULATION REFLECTS 
INHIBITION OF FUNCTIONAL AREAS 
Characterizing the role of alpha oscillations in mechanisms underlying ADHD necessitates suffi-
cient understanding of alpha’s functionality in the brain of healthy typically developing individuals. 
The results on healthy subjects (described in chapters 2, 3 and 4 of this thesis) contribute support 
to existing hypotheses. First, I showed that alpha activity increases with load in task specific areas 
when maintaining items in working memory (chapter 2). This supports the idea that alpha oscillations 
reflect active inhibition of detrimental processing of sensory input, in contrast to mere passive neu-
ronal idling (Pfurtscheller et al., 1996). Secondly, I replicated results of lateralization of posterior alpha 
activity with attended visual hemifield (Foxe et al., 1998, Rihs et al., 2007, Worden et al., 2000), with 
relatively higher alpha power in the hemisphere coding visual input of the non-attended hemifield 
(chapter 3) (Rihs et al., 2007, 2009, Sauseng et al., 2006, Thut et al., 2006). Importantly, the individual 
degree of alpha lateralization was strongly predictive of behavioral measures of attention, showing 
alpha’s relevance for behavior (also see (Handel et al., 2011, Thut et al., 2006)). Finally, I showed that 
the functional role of alpha is not restricted to the sensory domain (chapter 4). Rather, it extends to 
the motor domain, corroborating prior electrophysiological studies on the behavior of alpha band 
oscillations (mu) in sensorimotor cortex (Babiloni et al., 2004, Muthukumaraswamy et al., 2004, 
Pfurtscheller et al., 2006, Pfurtscheller and Neuper, 1994, Salmelin and Hari, 1994, Stancak and 
Pfurtscheller, 1996). Like in the sensory domain, I found that mu lateralizes with relatively stronger 
mu in task-irrelevant sensorimotor areas when anticipating and preparing for a motor action. 
Taken together, these findings show relative increases of alpha band oscillations over modality 
specific task irrelevant areas, and correlations to task specific behavior, making a strong case for 
the alpha inhibition theory (Foxe and Snyder, 2011, Hanslmayr et al., 2011, Jensen and Mazaheri, 
2010, Klimesch et al., 2007, Sadaghiani and Kleinschmidt, 2016). 
Although hugely instructive of alpha’s behavior, my results are not direct proof that alpha oscilla-
tions are responsible for the actual inhibition of neural processing. After all, they show correlation, 
not causation. Both the modulations in the alpha band and the behavior could be consequences of 
some other neural mechanism, reducing alpha to an epiphenomenon. Evidence for a causal relation 
is provided by studies using TMS (Romei et al., 2010) and entrainment (Spaak et al., 2014). Directly 
manipulating endogenous alpha oscillations was shown to influence perceptual performance. 
Invasive recordings in primate studies have shown that alpha indeed creates pulses of inhibition, 
periodically silencing neuronal firing (Haegens et al., 2011). Furthermore, it has to be noted that 
alpha band oscillations are not the only brain rhythms thought to modulate cortical activity. Especially 
oscillations in the beta band (13-30 Hz) and gamma band (30-70 Hz) (for reviews see resp. (Engel 
and Fries, 2010, Fries et al., 2007)) are also hypothesized to influence processing in functional brain 
areas, in close collaboration with alpha band oscillations (for reviews see (Clayton et al., 2015, Jensen 
et al., 2014)). 
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7.3 ABERRANT ALPHA MODULATION 
IN ADHD PATIENTS 
The main objective of this thesis was to characterize the role of alpha band oscillations in the 
pathophysiology of ADHD. As ADHD is behaviorally defined by having problems in regulating 
attention and motor actions (American Psychiatric Association, 2013), I focused on those two 
domains (resp. chapter 3 and chapter 4). 
As expected, I found modulation of alpha oscillatory activity in modality specific regions in ADHD 
patients, in both the attention domain and motor domain. However, I found that, in both domains, 
modulation of alpha activity was atypical in ADHD patients. Specifically, the difference of alpha’s 
strength between task relevant and task-irrelevant areas within the modality was shown to be 
reduced. 
With respect to the attention domain, hemispheric lateralization of posterior alpha oscillations 
by visual attention was shown to be aberrant (chapter 3). When attending the left visual hemi-
field, although initially lateralizing alpha favoring the right hemisphere as in the control group, 
this lateralization was not sustained in preparation of the upcoming event. The fact that lateral-
ization initially took place when attending to the left, and lateralization was shown to be typical 
when attending the right visual hemifield, shows that the ADHD patients were able to modulate 
and orchestrate alpha over task specific visual regions. But importantly, they failed to maintain 
an adequate balance in alpha oscillatory activity over the regions when attention had to be 
sustained, suggesting diminished attention related control over alpha oscillatory activity. Impor-
tantly, in recent years, a number of EEG/MEG studies have presented findings that support this 
conclusion. Visual selective attention and working memory related deficits in posterior alpha 
modulation have now been shown both in children (Gomarus et al., 2009, Heinrich et al., 2014, 
Lenartowicz et al., 2014, Mazaheri et al., 2014, Vollebregt et al., 2016), and in adults (Hasler et 
al., 2016) diagnosed with ADHD (for a review see (Lenartowicz et al., 2018)). 
Considering the motor domain, the ADHD group also showed problems in adequately distrib-
uting alpha band oscillations (mu rhythm) over sensorimotor areas (chapter 4). Here, I found a 
lack of lateralization of mu when anticipating and preparing for an upcoming motor action, with 
a diminished relative increase of mu over task irrelevant sensorimotor areas. This suggests 
that ADHD is associated with problems in proactively inhibiting task irrelevant motor areas by 
tonically increasing mu activity to prevent disrupting movements. In line with this, Yordanova 
et al. found atypical reactive motor cortical mu modulation in response to non-targets in ADHD 
(Yordanova et al., 2013). As research on motor related mu modulation in ADHD patients is 
relatively underexposed, this is an opportunity for future research.
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Consequences for behavior
The relevance of the aberrations in alpha modulation found in ADHD patients is critically 
supported by its relation to behavior (more specifically, task performance in the experimen-
tal setting). In the attention domain, the reduced ability to sustain adequate posterior alpha 
laterality favoring the left hemisphere, coincided with an attention bias to the right visual 
field (chapter 3). This behavioral rightward attention bias in ADHD has been shown in prior 
studies (e.g. (Dobler et al., 2005, Voeller and Heilman, 1988)). The present results suggest 
that problems in adequately balancing alpha activity underlie the attention bias, although 
I was not able to show a direct correlation between posterior alpha lateralization and task 
performance in the ADHD group. Other studies have shown correlations between atypi-
cal attention/working memory related alpha modulation and task performance (Heinrich et 
al., 2014, Lenartowicz et al., 2014). Interestingly, in the motor domain, I did show correla-
tions between the diminished mu lateralization and behavior in the ADHD group (chapter 
4). Between individuals, lower degrees of sensorimotor mu lateralization predicted lower 
accuracy and higher intra-individual reaction time variability. Although highly instructive of 
fundamental differences in oscillatory activity in ADHD, classical studies using steady state 
electrophysiological measures do not inform us on relations to task related behavior (Barry 
et al., 2003, Chabot and Serfontein, 1996). 
Consequences for the ADHD phenotype
Not only did I find that diminished alpha modulation was associated with experimental behav-
ioral measures in ADHD, but it I also showed that it was related to problems in daily life 
functioning in terms of ADHD symptomatology. In the motor domain, lower degrees of pre-
paratory mu lateralization predicted higher scores on an ADHD symptom scale. However, I 
was not able to show relations between attention related alpha modulation and ADHD symp-
toms. Such evidence is provided by Lenartowicz et al., showing correlations between working 
memory related alpha modulation and inattentive ADHD symptoms, and lesser so for hyperac-
tive symptoms (Lenartowicz et al., 2014). These results, combined with the fact that reports of 
atypical alpha modulation in individuals with ADHD are mainly in inattentive subtype groups 
(Gomarus et al., 2009, Mazaheri et al., 2014), has led to hypothesizing that aberrations in 
modulating alpha are primarily associated with ADHD inattentive symptoms (Lenartowicz et 
al., 2018), in contradiction to results presented in chapter 3 and 4 of this thesis. However, one 
should be careful drawing conclusions concerning differential contribution of aberrant alpha 
modulation to the two ADHD symptom domains defined by the DSM-5 ( American Psychiatric 
Association Association, 2013). Results could also be explained by the fact that all of these 
studies employ attention (and working memory) related paradigms and consequently show 
attention related alpha modulation, and dominantly use inattentive and combined type ADHD 
patient groups. This makes it more likely to show associations to the (task related) inattentive 
ADHD symptoms than symptoms of hyperactivity and impulsivity. Also, braking up symptom 
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(or daily life behavior) scales in separate subscales can prove uninformative because of high 
correlations between the scores on the separate symptom domains. Combining studies using 
attention related paradigms with more studies using motor related paradigms would better 
enable us to make claims on (differential?) contributions of atypical alpha modulation to the 
ADHD phenotype. Taking all in to account, there is evidence of a link between the ability to 
adequately modulate and balance alpha activity and the ADHD phenotype. 
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7.4 THE ROLE OF STRIATAL AND 
DOPAMINERGIC PATHWAYS IN 
TOP-DOWN CONTROL OF ALPHA ACTIVITY
As said, the modulation and topographical orchestration of alpha oscillatory activity is thought to 
be under top-down control. Evidence form studies using a variety of methods (e.g. animal, human 
EEG/MEG and TMS) have pointed to the involvement of the thalamus (Hughes and Crunelli, 
2005, Saalmann et al., 2012) and fronto-pariatal networks (Capotosto et al., 2012, Marshall et 
al., 2015a, Marshall et al., 2015b, Popov et al., 2017) in generating and modulating alpha band 
oscillatory activity. Interestingly, a recent EEG-fMRI study shows associations between fron-
to-parietal connectivity and working memory related alpha modulation, also in ADHD patients 
(Lenartowicz et al., 2016). 
For a variety of reasons, I have proposed a putative role for the basal ganglia as part of a 
network controlling alpha activity. First, the basal ganglia have consistently been shown to 
produce alpha band activity (Axmacher et al., 2010, Cohen et al., 2009, Lega et al., 2011); 
secondly, the basal ganglia have been argued to be involved in gating feedforward streams of 
sensory information (Baier et al., 2010, Gruber et al., 2006, van Schouwenburg et al., 2010b); 
and finally, the basal ganglia are strongly associated to ADHD pathophysiology (for reviews 
see (Cubillo et al., 2010, Krain and Castellanos, 2006, Rubia, 2011). In chapter 5 I show 
that attention related cortical alpha modulation is associated with the morphology of the 
basal ganglia, specifically their volume. Assuming that basal ganglia functionality relates to 
their structural aspects (Parkinson’s disease is an example of structural degeneration of the 
basal ganglia causing diminished functionality (e.g. (Stoessl et al., 2014)) , this suggests a link 
between basal ganglia functionality and the modulation of alpha. As basal ganglia volumes 
have been shown to be reduced in ADHD patient groups (Hoogman et al., 2017), this is in 
line with the hypothesis that atypical striatal functionality in ADHD has consequences for 
the ability to adequately modulate alpha oscillations. 
It should be noted that effect sizes are small concerning reductions in basal ganglia volumes in 
ADHD, most likely due to high inter-subject variability in basal ganglia volumes (Hoogman et 
al., 2017). However, as mentioned, the ADHD phenotype should be considered as stemming 
from the interplay of aberrations on multiple system levels. For one, structural and functional 
integrity of the frontal cortex and its connectivity with the basal ganglia have been shown 
important in the pathophysiology of ADHD (Cortese et al., 2012, Fassbender and Schweitzer, 
2006, Plichta and Scheres, 2014, Posner et al., 2014, Shaw et al., 2013). Future studies should 
further investigate the role of structural and functional fronto-striatal aspects in modulating 
alpha. Furthermore, functionality of the basal ganglia is likely to be dependent on not only it’s 
morphology, but on a variety of parameters, also including functionality of neurotransmitter 
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systems like the dopaminergic system (e.g. (Frank and O’Reilly, 2006, Gruber et al., 2006, van 
Schouwenburg et al., 2010a)). As a first step in clarifying the role of dopaminergic transmis-
sion on the controlling alpha modulation, I examined effects of methylphenidate (enhancing 
dopaminergic and noradrenergic transmission by blocking their reuptake) on selective atten-
tion (chapter 6). I found that dopamine (and noradrenaline) availability did affect selective 
attention, by increasing salience of task-relevant stimuli at the level of the stimulus category. 
Follow-up studies should (1) use EEG/MEG techniques to investigate the role of dopaminergic 
transmission on attention related alpha modulation (probably using paradigms that do not 
involve different stimulus categories); (2) address the role of dopaminergic transmission on 
motor related alpha modulation; and importantly; (3) include ADHD patient groups in these 
studies. 
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7.5 INTEGRATION 
The main objective of my thesis was to characterize the role of alpha oscillatory activity in neural 
mechanisms underlying ADHD. More specifically, the aim was to put forward a theory on brain 
functionality that links existing biological theories on different modalities in the pathophysiology 
of ADHD. Taking together the evidence provided in this thesis, I propose a multilevel concep-
tual mechanistic model on ADHD, with a central role for aberrant alpha modulation, see Figure 
7.1. In this model genetic variation affects the structural integrity of different brain structures 
responsible for controlling alpha oscillatory activity, in particular the basal ganglia and possibly the 
frontal cortex (and other structures?). Together with atypical dopaminergic and/or noradrenergic 
transmission (also depending on genetics), this leads to atypical functionality of the network that 
controls alpha modulation. Due to atypical orchestration of alpha, the difference in alpha activity 
between task relevant and task irrelevant areas is diminished, with relatively reduced alpha in task 
irrelevant regions. This leads to insufficient inhibition of activity in task irrelevant functional areas, 
which is detrimental to signal-to-noise ratios, and disrupts task relevant functional networks. With 
respect to the sensory domain, there is insufficient inhibition of task irrelevant and possibly dis-
tracting sensory input, and in turn, this results in attention problems, and thus inattentiveness on 
the behavioral level. With respect to the motor domain, activity in task irrelevant motor areas is 
insufficiently inhibited, resulting in disruptive motor action, impulsivity and hyperactivity on the 
behavioral level. Together this would explain the phenotype of ADHD. The impact of diminished 
alpha modulation abilities on the sensory domain on one hand and the motor domain on the other 
could differ between ADHD patients. This could (partly) explain the ADHD phenotypical subtypes. 
A few points concerning the conceptual model should be noted. Importantly, the conceptual 
model is not attempting to be comprehensive. First, it covers only biological, and not environ-
mental factors contributing to the ADHD phenotype. Second, contributions of other brain areas 
involved in controlling alpha activity (especially frontal cortex/FEF, parietal cortex and thalamus), 
and connectivity between them, and also other neurotransmitter pathways (e.g. serotonin (Poel-
mans et al., 2011) are likely. Third, the model focusses on contributions of alpha band oscillations. 
Neuronal activity in frequency bands other than alpha, like beta and gamma, and interactions 
with alpha are not accounted for, although there is some evidence for involvement of beta 
(Mazaheri et al., 2014), and gamma oscillations (Prehn-Kristensen et al., 2015). Interestingly, 
analyzing MEG data of the same samples as described in chapter 3 and 4, I also found evidence 
for associations between gamma modulation and ADHD (not published). For a summary see Box 
7.1.  Finally, the mechanistic model could not be specific for ADHD, but also apply to attentional 
and behavioral symptoms related to other (neurodevelopmental) disorders like autism spectrum 
disorders and psychotic disorders. Although research has mainly focused on gamma oscillations 
(Uhlhaas and Singer, 2010, Wilson et al., 2016), there is evidence for atypical alpha modulation 
in these disorders (Erickson et al., 2017, Keehn et al., 2017). 
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Figure 7.1 Schematic representation of a mechanistic model on the pathophysiology of ADHD. Grey 
boxes denote functional mechanisms related to alpha band oscillatory activity, playing a central role in 
this model. The question mark denotes possible other affected structures (like frontal cortex) being part 
of the network controlling alpha modulation. 
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Box 7.1. ADHD and gamma oscillations
Additional analyses were done using the same data set as described in chapter 3 and chapter 4 
of this thesis. MEG signals of healthy controls (n = 18) and ADHD patients (n = 17) were used to 
measure gamma band oscillatory activity. Figure A shows that both groups showed increases in 
posterior gamma band oscillations, induced by visual target presentation. Although there is no 
significant difference in gamma modulation between the groups, gamma modulation does cor-
relate with the score on the ADHD self-report in the ADHD group (Figure B). Individuals with 
relatively low gamma responses to task relevant stimuli experienced more ADHD symptoms 
in daily life. As gamma is associated with stimulus processing, this could mean that attentional 
problems in ADHD are associated with reduced processing of task-relevant stimuli due to 
reduced gamma modulation. 
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7.6 LIMITATIONS AND 
FUTURE RESEARCH DIRECTIONS
Possible methodological limitations to studies presented in this thesis relate to the samples that 
were used. First, samples were relatively small; and second, data from the same samples were 
used for multiple analyses (chapter 3, 4 and 5). Both can increase the risk for spurious results. 
The proposed mechanistic model (Figure 7.1), due to the relatively small number of available 
studies on the topic, should be considered exploratory. Future large scale studies replicating 
the present results are necessary. Furthermore, expanding on current insights on the role of 
alpha band oscillations in the pathophysiology of ADHD, future research should focus on: (1) 
Characterizing alpha band modulation in both sensory and motor areas, and possible differen-
tial contributions to the ADHD phenotype (also including behavioral subtypes of ADHD; (2) 
Characterizing brain structures and their functionality of the network involved in top-down 
controlling alpha band activity, and how this network malfunctions in ADHD. The role of the 
frontal-striatal network and dopaminergic/noradrenergic transmission deserves special atten-
tion. Also, combining different imaging techniques like EEG and (f)MRI could be beneficial; (3) 
Characterize differential contributions of other frequency band oscillations to mechanisms 
underlying ADHD, and how they interact; (4) Examine the specificity of aberrant alpha band 
modulation to the ADHD phenotype, possibly by including other (neurodevelopmental) psy-
chiatric disorders (like autism spectrum disorders) in future studies.
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7.7 CLINICAL IMPLICATIONS
In 2011, a set of urgent research priorities were defined by the Grand Challenges in Global 
Mental Health Initiative (GCMHI) (Collins et al., 2011). Concerning ADHD, the most relevant 
are: clarifying the causes of the disorder, improving diagnosis and treatment, developing pre-
ventive strategies and defining the burden of disease. Clarification of the causes of ADHD and 
identification of the mechanisms underlying its pathophysiology is thought to be the most direct 
path towards improving therapeutic strategies and identifying biomarkers (Thome et al., 2012), 
to improve and/or objectify diagnoses that can select participants for primary prevention pro-
tocols (Faraone et al., 2015). 
First, this line of research can improve the behavioral diagnosis of ADHD and, maybe in the 
long run, set the stage for diagnoses that are assisted by biomarker technologies. Electro-phys-
iological measures, like alpha modulation (Lenartowicz et al., 2018), could prove to be a useful 
addition as a biomarker. On a diagnostic level, biomarkers could be used to differentiate between 
subtypes of ADHD, based on biological measurements, promoting a biological classification 
approach of ADHD. Also, the use of biomarkers could help predict the course and outcome 
of ADHD symptomatology. Furthermore, on the level of treatment, biomarkers could assist in 
predicting the outcome of specific interventions. The next step in developing alpha modulation 
as a useful biomarker is to improve the validity (Thome et al., 2012). At this stage, variation in 
alpha modulation between individuals with and without an ADHD diagnosis does not yet allow 
for identification of deficient alpha modulation on an individual level. Besides extending and 
improving knowledge on alpha oscillations (as described in the previous paragraph), combining 
measures of multiple domains will be useful, given the multifactorial etiology of ADHD (Faraone 
et al., 2015). 
Second, this line of research can contribute to improving therapeutic strategies. Not only can 
it improve on existing interventions (e.g. by uncovering mechanisms of effectivity of methyl-
phenidate), it can also inspire new lines of pharmaceutical and non-pharmaceutical treatment 
development by revealing new targets, and be used to predict treatment outcomes (Lenar-
towicz et al., 2018). A hands-on example is the development of neurofeedback approaches. 
Classically neurofeedback therapy targets beta and theta band oscillations, with inconsistent 
results (Vollebregt et al., 2014). Targeting alpha oscillations could prove to be a fruitful addition 
(Ordikhani-Seyedlar et al., 2016). Neurofeedback training of posterior alpha activity has been 
shown to affect task performance in healthy individuals (Okazaki et al., 2015), and there is some 
evidence for effectiveness of alpha neurofeedback training in ADHD patients as well (Escolano 
et al., 2014).
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Although this line of research is far from complete and there are still quite some challenges to 
overcome, it is fair to say that alpha oscillations in general are a promising contribution to the 
understanding of ADHD. Hopefully, in the not so distant future, this line of research will fulfill its 
ultimate goal: that it reaches clinical practice and helps to improve the quality of life of patients 
and that of those surrounding them. 
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Iedereen ervaart weleens aandachtproblemen en problemen in het onderdrukken van impulsen. 
Als deze probleem niet slechts sporadisch of tijdelijk zijn, maar persisteren in de loop van de 
tijd en daarbij leiden tot beperkingen in functioneren en kwaliteit van leven, kan er sprake zijn 
van aandachtstekortstoornis met hyperactiviteit (ADHD). Hoewel ADHD wordt gezien als een 
neurobiologische ontwikkelingsstoornis wordt ADHD gediagnosticeerd aan de hand van en in 
termen van gedrag. De DSM-5 definieert twee kernsymptoomdomeinen: 1) problemen bij het 
reguleren van aandacht (onoplettendheid), en 2) problemen bij het reguleren van beweging en 
activiteit (impulsiviteit en hyperactiviteit). Hoewel ADHD-symptomen vaak op jonge leeftijd 
worden opgemerkt, kan er bij volwassenen ook sprake kan zijn van ADHD.
Pathofysiologie van ADHD
De onderliggende pathofysiologische processen die leiden tot ADHD zijn verre van opgehelderd 
en omvatten verschillende modaliteiten. Als we kijken naar het biologisch niveau blijkt ADHD 
o.a. geassocieerd met genetische variaties die het functioneren van neurotransmittersystemen 
zoals dopamine en noradrenaline beïnvloeden. Daarnaast zijn er aanwijzingen voor structurele 
afwijkingen in de hersen met name als het gaat om de prefrontale cortex en basale ganglia, 
en verbindingen daartussen. Op hersenfunctie niveau blijkt ADHD ook gerelateerd aan 
verminderde functie van deze structuren. Op een neurocognitief niveau is ADHD geassocieerd 
met beperkingen in executieve functies, zoals werkgeheugen, controle over inhibitie en planning, 
en daarnaast dysregulatie van beloningsprocessen. Deze processen zijn allemaal afhankelijk 
van het functioneren van de genoemde met ADHD geassocieerde neurotransmitter systemen 
(mn dopanine) en hersenstructuren (mn frontale cortex en basala ganglia). Samengevat kan 
het pathofysiologische model van ADHD worden gezien als een uitkomst van verschillende 
factoren, met elk een klein individueel effect, die samen de gevoeligheid voor het ontwikkelen 
van ADHD vergroten.
Hersenfunctie speelt een cruciale rol in pathofysiologische modellen van ADHD. Het koppelt 
neurobiologische niveaus aan neurocognitieve en gedragsniveaus, en is waar medicamenteuze 
behandeling van ADHD op aangrijpt. Hoewel cruciaal voor het begrijpen van de (dys)
functionaliteit van de hersenen bij ADHD, ontbreken bredere theorieën over het bijdragen 
van elektrofysiologische mechanismen op het niveau van neurale activiteit. Het hoofddoel van 
dit proefschrift is om deze lacune op te vullen en een vermeende rol voor het hersenritme alfa 
te onderzoeken.
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Alfa ritme
Groepen neuronen produceren gesynchroniseerde ritmische (elektrische) activiteit, ook wel 
oscillaties genoemd. Deze kunnen worden gemeten met behulp van elektro-encefalografie (EEG) en 
magneto-encefalografie (MEG). Het eerst gemeten en sterkste ritme wordt het alfa ritme genoemd, 
en heeft een frequentie van 8 tot 12 Hz. Het ritme wordt o.a.waargenomen in corticale gebieden 
met zowel sensorische als motorische functies. De modulatie van het alfa ritme is geassocieerd met 
belangrijke neurocognitieve functies zoals werkgeheugen, selectieve aandacht, het onderdrukken 
van afleiders en motorische functies. Relatief sterke alfa-activiteit wordt consistent waargenomen 
in functionele hersengebieden die niet van belang zijn voor het uitvoeren van de beoogde taak, met 
relatief lage alfa activiteit in gebieden die op dat moment juist wel relevant zijn. Dit heeft geleid 
tot de theorie dat alfa-oscillaties een rol hebben in het actief remmen van activiteit in corticale 
hersengebieden. Hiermee spelen ze een belangrijke rol in het vormgeven van functionele hersen 
netwerken, door informatie stromen in de hersenen te faciliteren of te stoppen. Op zijn beurt wordt 
de modulatie van alfa top-down aangestuurd door een netwerk van verschillende hersenstructuren. 
Er zijn aanwijzingen voor betrokkenheid van o.a. de prefrontale cortex en de thalamus. Theoretisch 
zouden de basale ganglia ook een deel van dit netwerk kunnen zijn, omdat ze betrokken zijn bij de 
selectie en differentiatie tussen relevante en irrelevante informatie.
Doel van dit proefschrift
Het voornaamste doel van mijn proefschrift is om een mogelijke rol voor alfa oscillaties 
te onderzoeken in functionele neurologische mechanismen die bijdragen aan ADHD. 
Voortbordurend op de alfa-inhibitie theorie zouden problemen in het moduleren en orkestreren 
van alfa kunnen leiden tot onvoldoende remming van taak irrelevante hersengebieden. Het 
faciliteren en remmen van stromen van sensorische input zou verstoord zijn, wat zou leiden tot 
aandachtsproblemen. Daarnaast zou het onvoldoende remmen van activiteit in niet-relevante 
motorische gebieden problemen veroorzaken in het reguleren van motor activiteit, met als 
gevolg hyperactiviteit en impulsiviteit. 
Functionele rol van alfa
In hoofdstuk 2 beschrijf ik de resultaten van een MEG-experiment dat ik met gezonde proefpersonen 
heb uitgevoerd. Hiervoor gebruikte ik een visuele werkgeheugen taak, waarbij de proefpersonen een 
tot vier gezichten gedurende een periode van enkele seconden moesten onthouden. Gedurende 
deze periode was een stijging van de alfa activiteit te zien in gebieden die verantwoordelijk zijn 
voor het verwerken van visuele input. Mogelijk heeft alfa hier een functie in het onderdrukken 
van activiteit in deze gebieden gedurende de periode dat nieuwe visuele input het behouden van 
de te onthouden gezichten zou kunnen verstoren. Het feit dat alfa steeds sterker werd hoe meer 
gezichten onthouden moesten worden, en de taak dus moeilijker, is een extra bevestiging hiervan. 
Dit effect was het sterkst in gebieden waar de modulatie van alfa ook het sterkst is bij het sluiten 
en openen van de ogen. Hiermee is het waarschijnlijk dat de modulaties van alfa onder invloed van 
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de geheugentaak dezelfde is als de klassiek gemeten alfa. De resultaten zijn een bevestiging van de 
alfa-inhibitie theorie, namelijk dat alfa een actieve functionele rol heeft in cognitieve processen zoals 
werkgeheugen, en niet slechts een product is van groepen neuronen in rust. 
ADHD en het alfa ritme
Vervolgens heb ik me gericht op de rol van alfa oscillaties in aandacht- (hoofdstuk 3) en 
motorfuncties (hoofdstuk 4) bij proefpersonen met ADHD.
In hoofdstuk 3 onderzocht ik modulatie van alfa-oscillaties onder invloed van aandacht en 
gedragseffecten bij ADHD. Bij proefpersonen gediagnosticeerd met ADHD en een gezonde 
controlegroep deed ik een experiment waarbij ik MEG-metingen verrichtte tijdens visueel-
ruimtelijke aandachtstaak. De aandacht werd gestuurd door pijlen naar recht of naar links, 
waar vervolgens in 80% van de gevallen de target ook daadwerkelijk verscheen. In de overige 
20% van de gevallen was de pijl dus vals. In tegenstelling tot de controlegroep vertoonden de 
proefpersonen met ADHD een hogere nauwkeurigheid voor rechtse targets na een valse pijl dan 
voor linkse targets na een valse pijl. Dit wijst erop dat er in de ADHD-groep een verschuiving 
was van aandacht ten voordele van het rechter visuele gebied. Uit de MEG-metingen kwam 
naar voren dat de ADHD-groep problemen had met het lateraliseren van alfa (alfa relatief lager 
in visuele gebieden die coderen voor het aandachtsveld waar de aandacht op gericht is dan de 
gebieden waar de aandacht niet op gericht is), met name bij het richten van de aandacht naar 
het linker gezichtsveld. Dit zou verklarend kunnen zijn voor de verschuiving van de aandacht 
die werd gemeten in gedrag. Het feit dat de alfa lateralisatie sterk gecorreleerd was met 
gedragsmaten is opnieuw bewijs voor de alfa-inhibitie theorie. Bij de ADHD-groep werden deze 
correlaties overigens niet aangetoond. De resultaten van dit hoofdstuk zijn aanwijzingen voor 
het feit dat afwijkende alfa modulatie een rol speelt in atypische aandachtfuncties bij ADHD.
In hoofdstuk 4 heb ik me gericht op alfa band oscillaties in het motorische domein, mu genaamd. 
Met behulp van dezelfde dataset zoals gebruikt in hoofdstuk 3, analyseerde ik mu-activiteit 
in motorgebieden wanneer proefpersonen zich voorbereiden op een gerichte beweging (het 
drukken op een knop). De controle groep liet een lateralisatie van mu zien in anticipatie op 
de druk op de knop, met relatief hoge mu in motorische gebieden die niet nodig zijn voor 
de taak (overeenkomend met de hand die niet een beweging hoefde uit te voeren). Echter, 
deze lateralisatie was significant verminderd in de ADHD groep. Bovendien vond ik dat de 
mu-lateralisatie van de ADHD groep niet alleen positief correleerde met nauwkeurigheid en 
negatief was met de intra-individuele reactietijdvariabiliteit, maar ook negatief correleerde met 
de score op een ADHD-beoordelingsschaal. De resultaten suggereren dat ADHD geassocieerd 
is met een onvermogen om taak-irrelevante motorische gebieden voldoende te inhiberen door 
middel van modulatie van mu oscillaties. Dit zou bij kunnen dragen aan de problemen in het 
reguleren van ongewenste motorische activiteit kenmerkend voor ADHD. 
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Top-down controle over alfa: de basale ganglia 
In hoofdstuk 5 onderzocht ik de relatie tussen het volume van de basale ganglia en aandacht 
gerelateerde modulatie van alfa oscillaties. De alfa lateralisatie data van de studie beschreven 
in hoofdstuk 3 werden gecombineerd met bestaande volumetrische gegevens van de basale 
ganglia van dezelfde proefpersonen. De resultaten laten zien dat er een relatie is tussen het 
individueel basale ganglia volume en de mate van alfa modulatie onder invloed van het richten 
van de aandacht, waarbij een groter basaal ganglia volume voorspellend is voor een sterkere 
alfamodulatie. Er waren geen aanwijzingen dat er een verschil hierin is tussen gezonde 
proefpersonen en patiënten met ADHD. Deze resultaten zijn een aanwijzing dat de basale 
ganglia een rol spelen in de top-down controle van alfa modulatie.
Invloed van methylfenidaat op selectieve aandacht
In hoofdstuk 6 onderzocht ik het effect van methylfenidaat (het meest gebruikte 
medicament ter behandeling van ADHD en een versterker van dopaminerge en noradrenerge 
transmissie) op selectieve aandacht bij gezonde individuen. In een intra-subject dubbelblind 
placebogecontroleerde cross-over studie werd het gedragseffect van een enkele dosis 
methylfenidaat op het onderdrukken van afleiders onderzocht. Hiervoor gebruikte ik een 
visueel-ruimtelijke aandachtstaak met targets geflankeerd door sterke (gezichten) of zwakke 
afleiders (verhaspeld gezichten). Van de targets moesten de proefpersonen het geslacht 
aangeven. Ik toonde aan dat methylfenidaat de nauwkeurigheid (percentage goede antwoorden) 
verhoogde, wat duidt op een verhoogde verwerking van de gezichten. Tegelijkertijd verhoogde 
methylfenidaat echter ook de reactietijd als de target werd geflankeerd door een gezichtsafleider 
ten opzichte van een verhaspelde gezichtsafleider. Dit duidt op een verhoogde afleidbaarheid 
door afleiders met taakrelevante kenmerken. Deze resultaten suggereren dat dopamine en 
noradrenaline invloed hebben op de mate van het trekken van aandacht van taakrelevante 
informatie (op het niveau van de stimuluscategorie), ongeacht of het gaat om target of afleidende 
informatie.
Samenvattend
In dit proefschrift heb ik geprobeerd een begin te maken in beschrijven van een rol voor alfa 
oscillaties in neurologische mechanismen die bijdragen aan ADHD. Alle resultaten bij elkaar 
genomen heb ik aanwijzingen gevonden dat er problemen zijn in het moduleren en verdelen 
van alfa bij patenten met ADHD, zowel op aandacht als motorisch gebied. Daarnaast is het 
aannemelijk dat de basale ganglia en de neurotransmitters dopamine en noradrenaline hier een 
rol in spelen. Mijn hoop is dat deze onderzoekslijn het begrip van ADHD verder zal vergroten en 
zal leiden tot het ontwikkelen van klinische hulpmiddelen in diagnostiek en behandeling, om op 
die manier bij te dragen aan het verbeteren van de kwaliteit van leven van patiënten met ADHD. 
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